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How Nuclear Energy Plants Might Be Diverted for Military Purposes 





FUTURE DEVELOPMENTS IN NUCLEAR ENERGY 


By CLARK GOODMAN 


Department of Physics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 


THE MAJOR APPLICATIONS of nuclear 
energy have been, and in all probability 
will continue for some time to be, 
military in nature. Any type of 
nuclear reactor built for the generation 
of power is susceptible, with only 
relatively moderate effort, to diversion 
into the production of Pu*®*® and U*3, 


*From Chapter 17, Vol. II, “The Science 
and Engineering of Nuclear Power,” (Addison- 
Wesley Press, Inc., Cambridge, Mass., 1949). 
References to Volume I in this paper refer to 
the first book in this series of three. 


In concentrated form these nuclear 
fuels are suitable for atomic armament 

Likewise, if gaseous diffusion, elec- 
tromagnetic or other methods of isotope 
separation are used to obtain enriched 
uranium for compact, nuclear power 
reactors, the concentrated U?*> might 
be diverted to the production of bombs 
This dual dilemma is illustrated sche- 
matically in the diagram above. It is 
seen that in the plutonium process use- 
ful power may be produced at two 
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stages, in the production of 
and in the 
In the 
uranium process very sizable 


Pu2** from U?38 
fission of the FPu®, 


plants are required to sepa- 
rate the U?* from the nat- 


iral uranium. The gaseous 


diffusion plant at Oak Ridge 4 | PORT 
RAW MATERIALS 


s the equivalent of a build- 
ng one-half mile long by 
wide and 


one-quarter mile 


four stories high The larg- 
est steam power plant ever 
constructed at one time sup- 
plies 238,000 kw of power 
this 


ind steam to plant 


THE MODERN POWER PLANT 





THE NUCLEAR POWER PLANT 
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he construction of the en- 
tire installation was about 
500 million The 
electromagnetic plant at Oak 
Ridge 


ings and cost approximately 


dollars 
consists of 175 build- 


317 millions, not including 
the 400 million dollars worth 







of pure silver bus bars on 
loan from the U.S. Treasury 
This 


amounts of 


Department process 


requires large 


electric power, complex elec- 





FROM THE MINES 


Schematic representation of advantages of nuclea 


energy over chemical energy] 
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URANIUM 
trical equipment, complex saad 
mechanical equipment, and 
i large amount of chemical 
equipment. 

While no production costs 
are available for the two 
uranium processes, they are 
obviously far more costly Complex 


than the plutonium process. 

The endothermic nature of the isotope 
separation precesses, the waste of large 
amounts of U5, and the large installa- 
tion and operating costs all combine to 
place the exothermic plutonium process 
favorable 
position for applications. 
While the gaseous diffusion plant is 
continuing to operate at full rate, it is 
highly unlikely that the enriched 
uranium produced will ever be used for 
the development of industrial power, 
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in a much more economic 


peacetime 





system upon which nuclear power plant 
depends for operation 
although some of this enriched uranium 
may be used in experimental nuclear 
reactors. 


Nuclear-Powered Aircraft 
In its report of March 1, 1948 the 


Congressional Aviation Policy Board 
stated: 
“In the event of war or in any inter- 


national situation likely to lead to war, 
nuclear energy for the propulsion of air- 
craft would be comparable in significance 
to the atomic bomb itself. Presently 
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known limitations inherent in all chemical 
fuels make difficult the delivery by air of 
atomic bombs against a distant enemy. 
Therefore, if the United States had nuclear 
energy propulsion in addition to atomic 
bombs, it could be the dominant factor in 


maintaining world peace. Until these 
ends are attained, the United States must 
depend on military weapons and tech- 
niques currently available.” 


An inherent limitation of chemically 
powered aircraft is that the gross weight 
of the fueled plane increases rapidly 
with both range and speed.* These 
relations are shown in qualitative terms 
in Fig. 1. Itisevident that the demand 
for higher speeds, in order to reduce 
vulnerability, requires an increase in 
gross weight. The greater the selected 
range, the more rapid is the rise in gross 
weight. For a given range there is an 
upper limit to the speed of chemically 
powered aircraft regardless of weight. 
For a working range of 11,000 miles 
(5,000-mile radius plus 1,000 mile mar- 
gin of safety in fuel) the maximum 
speed sustainable with chemical fuels 
without refueling, lies between about 
300 and 400 mph. 
much too slow for any future wars.t 
aircraft would 


These speeds are 


A nuclear-powered 
be represented in Fig. 1 by a horizontal 
straight line. In order to fly at all and 
be manned, it must have a certain 
gross weight, made up largely of shield- 
ing material. Once it is airborne, the 
rate of consumption of nuclear fuel will 
be a negligible fraction of the gross 
weight of the airplane. t 

Several types of nuclear power plants 
have been proposed for the propulsion 


of aircraft. These are represented 


* This section has drawn heavily upon the 
discussions of Andrew Kalitinsky |The Pegasus 
12 (August, 1948) and unpublished paper pre- 
sented before the Society of Automotive Engi- 
neers, June, 1948}. 

+ W. Stuart Symington, Secretary of the Air 
Force, announced that on Sept. 15, 1948, Major 
R. L. Johnson had established a new speed 
record of 670.98 mph for a loaded tactical air- 
plane when he flew an F-86 over a measured 
3-km course. 

t Assuming a thermodynamic efficiency of 
20%, the rate of consumption of fissionable 
material will be about 1 gram per 6,000 thrust 
horsepower-hours (see Fig. 9-6 in Volume I). 
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schematically in Figs. 2 to 5. h 
principle the simplest of these is thi 
ram jet. Air is compressed in the 
diffuser by the forward 
the plane. The air is then heated as 
it flows through ducts in the nuclear 
reactor. Thrust is provided by the 
large increase in velocity acquired hy 


speed of 


the air when it expands in the exhaust 
nozzle. The ram-jet requires a high 
flight speed in order to function and 
becomes really effective only at ex- 
treme speeds, well up in the supersoni: 
region. 

Very high air temperatures are re 
quired in the ram-jet. 
powered ram-jet, the fuel is sprayed 


In a chemically 


into the air stream and combustio1 
takes place as the mixture 
through a chamber. In Fig. 2 the 
reactor replaces this combustion cham- 
ber. In the chemically powered ram- 
jet the potential energy stored in th 
fuel appears as the kinetic energy of the 
molecular combustion products, largely 
H,O, COs, and CO, and of the unre- 
acted O2 and Nez. Temperatures of 
2,000°C° and above are reached by 


passes 


these gases. The walls of the com- | 
bustion chamber and of the exhaust | 


nozzle, although made of refractory 
materials, are cooled to prevent melt- 
ing, corrosion and oxidation. In an 
atomic-powered ram-jet, only a smal! 
fraction of the heat energy is actually 
liberated in the air as it passes through 
the reactor. Instead, practically all of 
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he propulsive energy must be trans- 
rred to the working fluid by condue- 
ind convection.* As a result the 
mperatures attainable are seriously 
\ited by the refractory properties of 
he materials of construction. For use 
nuclear ram-jets, the material should 
so have good thermal conductivity at 
sub- 


gh temperature No known 


ince or combination of substances 
ombines all of the properties needed 
ficient operation of a nuclear ram- 

et In the development of all types 
nuclear power, there is serious need 

yr specialized materials. But in the 
evelopment of a nuclear ram-jet, the 
iaterials problem is far more important 
in all the 


s reason it is unlikely that this type 


others combined. For 


iircraft will be possible for many 
irs to come. 
In rocket 

ist be provided. 


propulsion a_ propellant 
The gaseous pro- 
ellant escapes at high velocity through 
The rocket is 
lriven by the recoil momentum of the 


the exhaust nozzle. 


iping propellant. Sinee no air is 
required, the rocket presumably could 
yperate outside the earth’s atmosphere. 
In order to escape the gravitational 
field of the earth, about 15,000 calories 
per gram of escaping material is needed. 
Since the energy content of fissionable 

iterial is about a million times this 


imount, the energy requirement is not, 


n itself, prohibitive, even if a rela- 
tively low thermodynamic efficiency 
»btains. However, E. P. Wignert has 


pointed up a difficulty in this idea that 
is generally been overlooked. For a 
given efficiency there is a definite rate 
it which the waste heat must be re- 
moved in order to avoid vaporizing the 
rocket. As long as the rocket is mov- 
ing through the atmosphere, heat can 


be removed by convection. Outside 


* The impracticability of heat transfer by 
radiation has been considered briefly, but con- 
usively, in Chapters 9 and 10 of Volume I. 

t Quoted by W. L. Laurence, New York 

Times, Sept. 16, 1948. 
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the atmosphere it can kee p cool only by 
heated 


radiation 


throwing off portions of the 
rocket or by The | first 
alternative has definite limitations, but 
may be just sufficient to achieve the 
The 


native, discarding the heat by 


escape velocity second — alter- 
radia- 
tion, is subject to the same difficulties 
involved in the transfer of heat from a 
reactor to a working fluid by means of 
radiation \s in the case of the nuclear 


ram-jet, the refractory properties of 
the materials limit the practical tem- 
peratures to undesirably low values 
n addition the nuclear rocket must 
carry a very large amount of propellant 
Liquid hydrogen is the only substance 
that 


Because of its low 


appears even remotely feasible 


molecular weight, 
impulse from hydrogen 
that of any 


At the same temperature, the 


the specific 


is greater than sub- 
stance. 
specific impulse is about four times as 
great for hydrogen as for chemically 
fueled rockets 


gen has a very low density 


However, liquid hydro- 
~ 4.5 cu 
ft per lb) and boiling point (—252.7°C 

It has Chapter 11) 
that several hundred tons of hydrogen 
would be required. On this basis the 
nuclear rocket 


been estimated 


volume of a would be 
about 14 million 
corresponds to a cylinder about 40 feet 
and 400 feet in 
This gigantic would 

V-2. In the light of these preliminary 
considerations, nuclear-powered rockets 
than 


cubic feet which 


length 
dwarf a 


in diameter 
missile 


seem far more remote nuclear 
ram-jets. 

In comparison the nuclear turbo-jet 
seems considerably more reasonable of 
In this system, as in the 


would 


attainment. 


ram-jet, the nuclear reactor 


replace the combustion chamber of 
the chemically fueled equivalent. As 
indicated in the diagram of Fig. 4, air is 
drawn into the compressor which forces 
it through the reactor. In the reactor 
the air is heated largely by convection 
heat high 
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FIG.2. Ram-jet 


FIG. 3. Rocket 











temperatures, high thermal conductiv- 
ity, and a large surface of contact. 
Because the turbo-jet is best suited for 
use at high subsonic speeds, Mach 
number of 0.8 to 0.9+, the exhaust 
temperatures do not need to be as high 
as those required for rockets or ram- 
jets. Hence, there is a_ reasonable 
possibility of finding materials with a 
suitable combination of nuclear and 
refractory properties for use in turbo- 
jet reactors. However, for aerody- 
namic reasons it is desirable to have the 
frontal area and length of the reactor 
be as small as possible which in turn 
requires higher temperatures to effect 
the necessary transfer of heat energy. 
In a practical design, therefore, the 
temperature characteristics of the 
materials dictate the size and efficiency 
of the turbo-jet power plant. 

Power for the compressor is provided 
by a partial expansion of the heated air 
in the turbine. The propulsive thrust 
is produced by expansion in the exhaust 
jet nozzle. In order to produce a net 
thrust, the velocity of the air as it 
leaves the jet nozzle obviously must be 
greater than the velocity as it enters 
the compressor. In order to achieve 
this and at the same time keep the 
volume of the reactor small, very high 
compression ratios are required of the 
air compressor. As Kalitinsky (op. 
cit.) has indicated, not only must the 
nuclear fuel in the reactor be protected 
by non-oxidizable coatings in order to 


prevent corrosion by the hot, high- 
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pressure air, but also the coating must 
prevent the escape of any appreciabk 
fraction of the radioactive fission prod- 
ucts into the air stream. The latter 
problem is a matter of diffusion of the 
fission products, some of which are 
gaseous, through the coating. Diffu- 
sion rates generally increase with in- 
creasing temperature. This problem 
is particularly acute in the open-cycle 
turbo-jet and the closed-cycle systems 
since, in these, deposits of the fission 
products might build up in the un- 
shielded turbine, condenser and pump 

The fourth general type of power 
plant might be the closed-cycle turbine, 
shown schematically in Fig. 5. In this 
case the reactor replaces the boiler of a 
conventional power plant. The work- 
ing fluid might be high-pressure steam 
(or mercury in a fast reactor) which 
would be generated in the reactor and 
expanded in the turbine. Propulsion 
might be by a propeller driven by the 
turbine. This system is inherently 
limited to relatively low air speeds, 200 
to 300 mph. While these speeds would 
be of interest for commercial flight, 
they are far too low in future military 
applications. Since only the latter 
could justify the extensive development 
required to achieve nuclear-powered 
flight, closed-cycle systems of this type 
do not appear to be practical. 

Various combinations of these four 
general types immediately suggest 
themselves. If the condenser in the 
closed-cycle system were in addition 
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FIG. 4. Turbo-jet 


FIG. 5. Closed-cycle turbine 





ised to heat an air stream, the result 


vould be a prop-jet system that might 


ive limited usefulness. Similarly, a 
losed-cycle 


liquid 
etal coolant or high-pressure water 


system using a 
ight be used as a closed-cycle turbo- 
et. Also a combination system might 
ise the turbo-jet principle at subsonic 
ind ram-jet action at supersonic speeds. 


Nuclear-Powered Submarines 
The role of naval vessels in an atomic 
var is not clear. However, the advan- 
tages offered by nuclear power of un- 
imited 


vithout 


range without oxygen and 


refueling are much’ more 


mportant for submarines than for 


surface vessels. Consequently, in the 
writer's opinion, it appears probable 


iat the first important naval applica- 


| tion of nuclear power will be in the 
propulsion of submarines. 

Numerous complications in such a 

( levelopment are immediately obvious. 


However, the tactical advantages to be 
major con- 
this direction. 
Even with the addition of Snorkle and 


Warrant a 
effort in 


() gained might 


| centration of 


, major improvements in streamlining, 
r the modern submarine is not a true 
t (nterseeboot. Like its biological equiv- 
1 ilent, the whale, the present submarine 
depends on oxygen for the release of the 

energy stored in its chemical fuel. The 
1 use of concentrated sources of oxygen, 


H.O2, extend 
p underwater operations, but the range 


t such as liquid O: and 


at full power is limited, and is not a 
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wer 





great deal better than that of a hump- 
backed The 


whale are located high on the head, so 


whale. nostrils of the 
that very little of the animal need be 
exposed to enable it to breathe. Simi- 
larly Snorkle is made of minimum size 
for the submarine’s respiration. Even 
with these adaptations, both the whale 
and the 


vulnerable to attack 


submarine are much more 
because of their 
dependence on alr. 

A nuclear-powered submarine could 
cruise practically indefinitely, since the 
consumption of fuel is extremely small 
even at full power. Furthermore it can 
operate underwater just as well as on 
the surface, since oxygen is not needed 
for power. The relatively small supply 
of oxygen required by the crew could 
be carried in condensed form and the 
carbon dioxide removed by conven- 
fact, the 


continued 


tional methods. In major 


problems of submergence 


would be psychological rather than 
physical in nature 

A submarine is a delicately balanced 
and thoroughly integrated engineering 
unit. Hence, the radical modifications 
that would be required to accommodate 
a nuclear power plant will probably 


hull 


Figures 6 and 7 are intended to 


necessitate a completely new 
design. 
illustrate in a general way some of the 
salient changes that might be involved. 
These sketches are essentially an artist’s 
conception of how a typical World War 
II submarine be adapted to 


nuclear power. 


might 
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FIG. 7. Artist’s conception of how a submarine might be adapted to use of nuclear 
power 


Figure 6 is an outboard profile of the 
unmodified hull and deck, portions of 
which have been cut away to show the 
forward battery space and fuel tanks 


and the main engine compartments and 
ballast tanks. In the following dis- 
cussion it is tacitly assumed that the 
trim of the vessel would be maintained 
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by redistrinution of various compon- 
Nearly 100 


could be eliminated. 


ents tons of batteries 
Part of the space 
thus made available might be given 
over to a radioactivity counter room, 
facilities and 


forward 


enlarged recreational 


improved housing in the 
section. In the counter room, samples 
of air, sea water, fuel oil, lube oil and 
steam condensate could be monitored 
for induced radioactivity, and the 
radiation dosage received by the crew 
could be monitored. <A 


room and library would help offset the 


recreation 


psychic difficulties of prolonged sub- 
In the after 
main diesel engines, ancillary equipment, 


mergence section the 
and electric motors have been replaced 
by a nuclear power plant and single 
iuxiliary engine as shown in Fig. 7. 
To minimize the amount of fission- 
ible material required, a thermal re- 
ictor has been assumed. Under these 
conditions either graphite or beryllium 
could serve as the reflector and moder- 
itor. While it is far from clear just 
how such a reactor and power plant 
vould be built, the writer has assumed: 
1) the nuclear fuel and 
could be a homogeneous mixture form- 


moderator 


ing a cylindrical core that is subcritical 
installed with the 
reflector through the refueling hatch, 
2) sufficient additional fuel for the 
production and maintenance of power 
nuld be added as needed through the 
vertical ports, (3) some of the partially 
expended fuel could be withdrawn into 
i lead coffin lowered over the fuel ports, 
1) energy could be extracted from the 


together 


W hen 


reactor by means of a liquid metal 
coolant such as lead,* (5) by suitable 
irrangement of the flow this heavy 
metal coolant might also serve in part 
as the thermal shield and primary 
gamma-ray shield, and (6) a closed- 
cycle steam turbine would convert the 
heat into propulsive power. 


*See Gilliland, Bareis and Feick, Chap. 10, 
Vol. Il 
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Because some induced radioactivity 
would probably appear in the coolant, 
the pumps, heat exchanger and super- 
heater would probably need to be sur- 
rounded by some gamma-ray shielding 
However, if this were the case it would 
not be necessary to shield the power 
equipment since the steam and con- 
densate would have essentially no 
induced activity. 
suggested as part of the shielding. 
The main ballast tanks and the central 
portion of the main shielding tanks are 


Sea water has been 


assumed full of sea water during the 
development of power in the reactor 
Under this arrangement the personnel 
are protected from the primary neutrons 
least 


feet of sea water or five feet of com- 


and gamma rays by at several 
posite thermal-water-gamma shielding. 
A fore and aft passageway with four- 
foot vertical clearance is indicated over 
the top of the shield. 
trols are indicated beyond the com- 
The heat 

turbine, 


Separate con- 
panionway at each end 
exchanger, superheater and 
plus additional equipment not  indi- 
cated, form the power unit for driving 
shafts, the 
generator, the compressors, pulnps and 
The 


auxiliary engine is a low-power diesel 


the two main propeller 


other minor power-driven units. 


which might be included for emergency 


use only. 


Industrial Nuclear Power 
Were it not for the urgent military 
demands on the technical personnel and 
atomic 


atomic industrial 


energy would be supplying electricity 


resources, 


and comfort heating in many localities 
within the United States ten years from 
now. A power plant of 100,000 to 
500,000 kw i 
common practice in power generation, 
that requires no large storage of fuel, 
needs no air for combustion, and pro- 


capacity,t such as is 


+ At 25% efficiency, it would be able to gener- 
ate 25,000 to 125,000 kw of electric power and 
yield about three times this amount of power 
for comfort heating. 
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FIG. 8. What a nuclear power plant 
might look like in New York City 
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FIG. 9. Comparison between nuclear 


and other energy sources 

° 
flue very 
attractive These advantages 
of nuclear energy over chemical energy 


duces no ash or gases is 


indeed. 


are represented schematically on page 
3. The appearance of such a plant in 
the heart of Manhattan might be some- 
thing like that shown in Fig. 8. If 
operated at an average of 50% of 
capacity, this plant would consume 
between two and ten ounces of fuel per 
day. Figure 9 emphasizes the rela- 
tively small nuclear fuel consumption 
compared to coal, oil and gas. 

The most economical plan would be 
to use ordinary uranium which contains 
only 0.71% of the fissionable isotope 
U235, Assuming fuel 
because of 


replacement is 


depletion and 


‘5 
necessary 


10 








metallic corrosion, shipment of uraniu 
would probably not be more than a few 
tons, which could be transported | 
means of a single truck as shown. = Thy 
removal of an equal amount of fur 
containing extremely radioactive fission 
products, would demand a large amount 
of shielding on the single truck required 
for transport. It is conceivable that 
the reactor could be ‘‘turned off” 
ing the late evening and early morning 
and still be able to supply the low-load 
demand with the heat from the fission 
product radioactivity. Refueling could 
take place then with slightly greate: 
convenience than while in operation. 
The heat would be transferred from 
the reactor to the working fluid by 
means of a liquid metal coolant, such as 
Na, Pb, or Bi, which has low absorption 
for thermal neutrons.* The 
would enter the reactor at a tempera- 
ture somewhat above its freezing point 
(204° F for Na; 520° F for Bi; 621° | 
for Pb) and emerge at about 1,400° F 
If necessary, magnetostriction pumps 
could be used to circulate the liquid 
metal coolant at a moderate velocity 
By means of counter-current flow, heat 


dur- 


coolant 


exchangers, and superheaters, the heat 
would be transferred to water and 
steam. A boiler operating at 500-600 
psi would be used for flashing the water 
into steam. The superheated steam 
would drive a turbine for the genera- 
tion of electricity. The condensation 
of exhaust steam would provide com- 
fort heating for the surrounding build- 
ings. Conventional methods would be 
used to distribute the electricity and 
comfort heating. The water and steam 
constitute secondary coolants 
would not be radioactive since the 
primary, liquid metal coolant will 
emit only alpha, beta, or gamma rays 
which do not produce appreciable 
induced radioactivity. 


which 


* Mercury would not be satisfactory for this 


reason. 
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TABLE 1 
Sources of Energy (per Annum) 








(Based on 1941 Data) 
; World United States 
Pro- Pro- 
‘ Energy duction Energy duction 
in 10%? in 10° Equivalent in 102 in 10 Equivalent ™% of 
Source kwh tons U in lbs kwh tons U in lbs World 
Solar i2x10*° — 120 x 10° 18,000 2 xX 10° 1 6 
s Coa 17.5 2,200 175 X 104 4.4 550 44 Xx 104 25 
) Petroleum 4.4 510 44 x 108 2.7 310 27 X 104 61 
ite Natural gas 1.0 130 10 x 104 0.88 110 8.8 xX 104 88 
Water power 0.42 42x10 0.12 1.2 104 29 
‘ Nuclear power 0.0066 — 660 0.0065 650 99 
Total 23 2,840 2.34 X 10° 8.1 970 0.82 x 108 
H 
ar 
\s illustrated, the reactor would be It is somewhat ironic that the country 
r surrounded by about six feet of heavy which has the greatest know-how in the 
yi merete shielding, and the coolant field of nuclear energy should be so 
I ines and heat exchanger by about half — poorly endowed with natural sources of 
I this thickness. Since the unit would be nuclear fuels. The United States has 
np subterranean, earth could be used in more than its proportionate share of 
id part for shielding. In any event, it the world’s supply of coal, oil and 
ity would not be difficult to lower the out- natural gas, but it is pathetically poor 
ea side radiation to well below the toler- in uranium and thorium ores. The 
ea ance level. unprecedented demands for uranium 
ind made by the Manhattan Project and 
500 World Power Requirements its successor, the Atomic Energy Com- 
te \{ comparison of the amount and mission, have been and are continuing 
an energy of the fuels used currently per to be met largely by imported uranium. 
ra year in the world and in the United Canada and the Belgian Congo have 
ion States with the weight of U (or Th furnished practically every pound of 
m required for replacement is given in uranium used in the piles at Hanford 
Id Table 1. The solar energy reaching and in the isotope separators at Oak 
be the earth is included for comparison. Ridge. While little has appeared in 
nd It is assumed that all the uranium, both — print on this subject, it is obvious that 
im U235 and U*88, and allofthe thorium are important international implications 
nts completely consumed, the U?* being are involved. To help overcome this 
he converted to Pu?8® and the Th?%? to — deficiency, the AEC is stimulating inter- 
vill U238_ These thermally fissionable iso- est in prospecting for uranium ores not 
Lys topes are essentially equivalent to U2*5 — only by offering higher prices, but also 
le for fuel purposes. Oneseesthat almost by posting a reward of $10,000 for the 
10° pounds of uranium (or thorium) discovery of a new, high-grade com- 
would be required to furnish the total mercial ore deposit. 
ii power consumed at present per year in It is difficult to make accurate 
this country. estimates of reserves of _fissionable 
CS NUCLEONICS - February, 1949 11 
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minerals. Nevertheless a crude tabu- 
lation, such as that given in Fig. 10, is 
of value in pointing up the problem of 
these strategically important mineral 
reserves in the United States. The 
uncertainty in the estimate of reserves 
increases as-the grade, or elemental 
concentration, in the source material 
But the feasibility of min- 
ing and recovering uranium and thorium 


decreases. 
also increases in uncertainty with 
decrease in grade. Hence, the accu- 
racy of the estimates for low grade 
materials is less important than for the 
high grade. The numerical values 
given in Fig. 10 include an increase 
of 100%, 
serves, as the result of new discoveries. 
It is unlikely that more than this 
increase can occur, because the most 


over estimated present re- 


promising sections of the United States 
have been so thoroughly explored in 
the search for other heavy minerals. 

A very rough estimate of the re- 


12 


serves of Th and U available in the 
United States is shown in Fig. 10. “The 
United States is very deficient in high- 
grade ore deposits. The writer has 
estimated that by scraping very hard, 
we could round up about 10° pounds 
which would supply all our power by 
nuclear means for only one year. 
Since the United States as yet has not 
produced significant amounts of ura- 
nium from lower-grade deposits, it is 
clear that we have been largely de- 
pendent on high-grade imports for our 
nuclear developments to date. 

As we have seen, energy is developed 
in nuclear reactors in the form of heat 
at temperature levels that are dictated 
by the properties of the materials of 
construction. This heat might possi- 
bly be used directly in a variety of 
industrial and non-industrial uses re- 
quiring both low- and high-temperature 
heat. It has been suggested that the 
waste heat from plutonium production 
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might be used in locations remote from 
sources of chemical fuel, for example in 


the polar regions. Another scheme 


proposes to supply fresh water for semi- 


irid regions in the southwestern United 
States by evaporating sea water or 
brakish Nuclear 


has been proposed as a source of electric 


well water. power 
power for the conversion of bauxite to 
ilumina. However, the apparent ad- 
intages of the compact nuclear fuel 
vhich engender such utopian proposals 
ire to a considerable degree offset by 
the complications of fuel preparation 
ind reprocessing and the disposal of 
The nuclear 
ower plant is dependent upon a com- 


adioactive wastes. * 


plex system, such as that pictured on 


9 


ge 3, in order to yield heat and 


electric power—both of which can be 
produced by conventional means using 
hemical fuels 
In brief, nuclear power can probably 
produced at useful temperatures on 
without  extra- 


industrial seale 


ordinary engineering developments. 


Ignoring for the moment the limita- 
tions imposed by military applications, 
the breadth of its industrial 


certainly be dictated by the relative 


use will 


idvantages measured in dollars and 


cents, in pounds and shillings or in 


rubles and kopecks. 


Economics of Nuclear Power 
find 
broad industrial applications, it must 


For nuclear power to really 
be able to compete with chemical fuels 
on an economic basis. In spite of the 


iforementioned advantages of this 
compact energy source, it is far from 
clear what will be the cost of nuclear 
power. 

\t the present time, electricity is 
produced most cheaply in large hydro- 
electric developments such as Norris 
Dam in the TVA system and Grand 


* This serious problem has not yet received 
much attention. The radioactive wastes at 
Hanford are stored for the present. 
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As a 
installa- 


Coulee on the Columbia River. 


means of comparison, these 
tions have power ratings of about 10° 
and 10% kw, respectively. Water power 


exists only where natural conditions 
It is not 


ical to transmit electricity 


permit. considered econom- 
beyond a 
The cost of 


electricity based on a fuel such as coal 


radius of about 300 miles 


is generally higher than for hydro- 
electric power, but such fuels are very 
widely used because they can be trans- 
ported to the power station. 

The transportation of chemical fuels 
For example, each 200 miles 


adds 


the cost of 


is costly. 
transportation by rail 
mill per kwh to 
It is clear that the cost of 
transporting nuclear fuels, even when 


of coal 
about 1 
electricity. 


negligible 
fuels. As a 


result, nuclear power costs for similar 


shielding is 


necessary, 1s 
compared to chemical 
plants should be fairly uniform through- 
out the For this 
approximate estimate of the relative 


world. reason, an 


attractiveness of nuclear power in 
various parts of the world can be based 
on present costs of generating electric 
power from coal. A comparison of this 
type given in Table 2 has been made by 
S. H. Shurr, co-director of the study, 
** Reonomic Aspects of Atomic Energy Ng 
conducted by the Cowles Commission 
at the University of Chicago. 

Table 2 


independent estimates that have been 


refers to two concurrent 


made of the cost of nuclear 
The Thomas report was prepared by 
Clinton 


Monsanto 


power 
members of the Laboratories 
staff and of the 
Company Engineering Department in 
1947. 


types 


Chemical 


They considered a number of 
but 


comparisons on a 


of nuclear power plants, 


based their cost 
modified Hanford-type pile, since more 
design and operation information was 
available for this type than for any 


other kind. Unfortunately, the indi- 


t Bulletin of Atomic Scientists 3, 117 (1947). 
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TABLE 2 


Estimated Costs of Generating Electricity in Selected Regions of the World, 1937 and 
1947, Compared with Estimated Costs of Nuclear Power 





Average Generating Costs in Cost of Nuclear 
Mills per Kilowatt Hour* Power in Mills 


1937 1947 per kwh 


Thomas Report 10.0+ 


Condliffe Report 4.0t 
Argentina 

Coastal regions 9.0 16.0 

Inland regions .0-11.0 17.0-18.0 
China 

Mining regions 5.5-7.0 

Other regions .0-9.0 
Great Britain 
Hungary 
India 

Mining regions 

Other regions 
Soviet Union} 

Ural region 6 
United States 

At mines 5.50-6.25 5.75-6.75 

Near mines or on developed waterways 6.50-7.25 7.00-8.25 

Far from mines, accessible by rail 7.50-8.75 8.50-9.50 

* In order to place all electricity costs on a comparable technological base, data on actual gener- 
ating costs are not shown, since these would be influenced by the condition of the plants in operation. 
Instead, electric generating costs have been estimated from the cost of fuel in the various regions, 
assuming the same relationship between fuel costs and generating costs as would obtain in a modern 
100,000 kilowatt plant operating with a 50° load factor. [Based on dat: a in Electrical World, 
December 2, 1939, “4th Steam Station Cost Survey,” and Bauer and Gold, “The Electric Power 
Industry,’ (Harper, 1939)]. All coal prices include cost at mine and transportation charges. 
Transport costs from mines to consuming regions estimated from representative railway, river, and 
ocean freight charges during year indicated. 

+t 75,000 kilowatt plant assumed. Lower cost based on 100% load factor; higher cost estimated 
for 50 + load factor. 

t 500,000 kilowatt plant and 45% load factor assumed. 

§ Data on mining costs could not be found for this region, hence U. 8. mine price was used. 

Coal plants only. Generating costs estimated on basis of standard relationship described in 

reference. Earlier figures relate to 1938 and are based on data on actual fuel costs for plants in 
operation in that year. Figures for 1947 are preliminary estimates derived from general information 
on coal prices and freight rates. 





vidual items in their estimate are not operate at only about 50% capacity. 
given. Hence, a direct comparison is This correction would increase the 
not possible with the more detailed, estimated cost toabout 10 mills per kwh. 
but probably less accurate, estimate by The Condliffe group estimated, on 
J. B. Condliffe’s project of the Carnegie the basis given in Table 3, that a 
Endowment Committee on Atomic 500,000 kw plant of the same general 
Energy. The Thomas group estimated type might produce electricity for 

that electricity could be generated at alittle as 4 mills per kwh operating at 
cost of about 8 mills per kwh by a 45% capacity. The large differences 
75,000 kw power plant operating at in these two estimates are partly the 
100% capacity. Shurr has pointed _ result of the greater economy of a larger 
out that power stations normally unit, but mainly are the result of the 
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TABLE 3 
Power Station Cost Analysis * 


Plant Comparisons 


kw 
Area, acres 
Boiler room, cu ft 
Turbine cu ft 
Switchhouse, cu ft 


room, 


Thermal efficiency, ‘ 


I mploy ees, number 


Capital Costs (Dollars 
Land and improvements 
Bldgs. (exclusive of piles) 
Pile units and accessory facilities 
uel handling and storage 
Condensing supply 
Waste handling 
Boiler plant 
Dr systeni 
feedwater system 
Piping system 
Heat recovery apparatus 
| 
Switchgear and wiring 
Switching yard and equipment 
Total 
Operating Costs (Dollars) 
I uel 
Wages and salaries (at $4,000) 
Maintenance and supplies 
Fixed charges (15% 
Total cost per vear 


kwh 


Cost per 


lurbine-generators and auxiliary equipment 


Coal Pi imary Pile 
100, 000 500, 000 
10 (10,000) 
.500, 000 2,000, 000 
900 , OOO , 500, 000 
500,000 , 000 , 000 
35 40 
60 200 


600 , 000 
3,000, 000 


? 000 , O00) 
500, 000 
000. 000) 
200,000 
. 500,000 
.000 , 000 
500, 000 


2,000,000 
250, 000 
100,000 
500, 000 
200. 000 
400,000 
500 , 000 
250,000 

2,400,000 
, 200 , 000 
800, 000 

3.200, 000 


2,000,000 
2,500,000 
, 000, 000 
.000 ,000 
5,000, 000 
2, 500.000 


, 700, 000 


.000 , 000 
240,000 
120,000 
, 980, 000 
3,340, 000 
719 mills 


100, 000 
800, 000 
, 000,000 
, 300, 000 


200 , 000 


st schedule is adapted from Electrical World, December 2, 1939 


coal at $6 per ton, uranium at $10 per pound. 





the estimates of the 


‘osts of construction and operation of 


incertainty in 
the two units. The two estimates may 
therefore be taken to suggest that the 
cost of generating electricity in nuclear 
power plants may be somewhere be- 
tween 4 mills and 10 mills per kwh 
1947 cost basis). 

Taking a mean of 7 mills per kwh, it 
is seen that on this basis nuclear energy 
attractive to certain 
localities the earth, while 
economically interesting in the United 
Britain is reported to 


might be very 


on not so 


Great 
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States 


be building a graphite-uranium power 
pile at Harwell, England, after having 
recently put into operation an experi- 
mental, graphite-uranium pile for iso- 
tope production. The figures given in 
Table 2 suggest that Argentina might 
benefit even more than Great Britain 
in the development of industrial nuclear 
power. Thus we find ourselves in the 
peculiar position of having a tenuous 
monopoly on processes which for peace- 


ful purposes are of considerably greater 


interest to other countries. 
Thus far we have considered only 


15 





» 


233, 0235 and Pu? 


with Th?5? and U?%* as primary source 


as nuclear fuels, 
materials. Among the possible devel- 
opments of the future are new nuclear 
fuels which conceivably could possess 
improved nuclear, chemical or metal- 
lurgical The 
neutrons per fission, 7, and the fission 


properties. number of 
cross section, os, are the two most im- 
The trans- 
similar to 
actinium than to their homologues in 
the Periodic Table. 
we would not expect any major differ- 


portant nuclear properties. 


uranic elements are more 


For this reason, 


ence in the chemical and metallurgical 
properties of americium, curium and 
heavier elements, up to about atomic 
number 100, which may be produced in 
the future. 

Exhaustive experiments have fairly 
well eliminated elements below atomic 
number 88 as chain-reacting. 
Only a limited number of the man-made 


being 


heavy isotopes have sufficiently long 
half-lives to be potential nuclear fuels. 
Most of these are alpha-ray emitters. 
The 


isotopes have not been reported. 


cross sections of all such 
It is 
to be expected that other long-lived 


fission 


isotopes will be found to fill in the 
blank spaces adjoining the general line 
of nuclear stability. It is only reason- 
able to expect that one or more of these 
isotopes might serve as a nuclear fuel. 
At the 


curve, an even greater amount 


other end of the binding 
energy 
of energy per particle may be released 
in transmutation. For example, the 
He* from hydrogen and 


would 


synthesis of 


neutrons release about seven 


times as much energy per particle as 
in fission. Some mention has been 
made of these possibilities in the public 
press. However, one of the most 
thorough discussions has been given 
by Bethe* in his 


whether air or water could explode in 


considerations of 
the immediate vicinity of an atomic 


* Bulletin of Atomic Scientists 1, 2 (1946). 
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“The conclusion from thes: 


calculations is that there is no dang 


bomb. 


of a nuclear explosion in any substance: 
naturally occurring on the earth wit! 
any of the atomic bombs which hav 
been developed or which have bee: 
Because of the 
considerable amount of inert 


conceived on paper.” 
materia 
associated with the active portion of th« 
bomb, the temperatures which can bi 
produced in the air or water surround 
ing such an explosion are of the order 
of 10° degrees. This is much lower 
than the temperature prevailing at the 
center of ordinary stars which are of 
the order of 20x 10° degrees. In nor 
mal stars, the most important nuclear 
reactions are believed to be between 
protons on one side and carbon and 
other. Th 
reaction is extremely slow, and it would 


nitrogen nuclei on the 
take several million years for the carbon 
in the sun to be consumed (if it wer 
not re-generated in the actual stellar 
Another reaction, th 
theory of which has been developed in 


reaction cycle), 


detail, is the combination of two protons 
to form a deuteron with the emission 
of a 
However, it is well known that reactions 


positron during the collision 
involving the emission of negative or 
positive electrons are extremely improb- 
able as measured by nuclear standards 
However, since it involves a relatively 
small potential barrier, this reaction 
will fall off less rapidly than others when 
the temperature is decreased. It is 
therefore presumably the most likely 
reaction around 10° degrees, but since 
the probability of an explosion even at 
20 X 10° degrees is off at least by a fac- 
tor of 10'7, at 10° degrees the reaction 
must be negligibly slow. 

In spite of these theoretical observa- 


tions, it is not only possible but prob- 


able that as the nature of nuclear forces 
becomes understood, improved methods 
will be developed for releasing a larger 
and larger fraction of the mass energy 
stored in atomic nuclei. 
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URANIUM HYDRIDE—II 


RADIOCHEMICAL and CHEMICAL PROPERTIES* 


Second of three papers discussing the studies carried out 
at the Ames laboratory following preparation of uranium 
hydride from the massive metal for the first time early in 1943 


BY 


A. S. Newton, J. C. Warf, F. H. Spedding, O. Johnson, |. B. Johns, R. W. Nottorf, 
J. A. Ayres, R. W. Fisher, and A. Kant} 


Institute for Atomic Research, Iowa State College 
Ame 8, Iowa 





Radiochemical Properties 

Extraction of fission products. ‘The 
finely subdivided state of uranium 
hydride suggested leaching of the fission 
products and plutonium from the 
hydride prepared from metal from the 
piles. A sample of uranium, which had 
been subjected to slow neutron bom- 
bardment in the evelotron (via deuteron 
bombardment of beryllium) and which 
thus contained measurable amounts of 
the various fission products and _ plu- 
tonium, was divided into two portions, 
ind each was converted into uranium 
hydride. One was refluxed with hydro- 
chlorie acid alone, and the other with 
hydrochloric acid containing milligram 
amounts of Sr, Y, Zr, Mo, Te, I, Ba, 


* This paper is based on work done for the 


‘lutonium Project of the Manhattan District 
1943-44 and was first reported in Plutonium 
roject Reports CC-580, CC-587, CC-705, 
C-725, CC-803. CC-858, CC-1057, CC-1059, 

CC-1091, CC-1194, CC-1201, CC-1504 and 
( 


t Present addresses: A. 8. Newton, Radiation 
Laboratory, University of California, Berkeley, 
Calif.; J. C. Warf, Department of Chem- 
istry, University of Southern California, Los 
Angeles, Calif.; F. H. Spedding and R. W. 
Fisher, Institute for Atomic Research, lowa 
State College, Ames, Iowa; O. Johnson, Shell 
Development Co.; Emeryville, Calif.; LB. 
Johns, Central Research Department, Mon- 
santo Chemical Company, Dayton, Ohio; R. W. 
Nottorf, Photo Products Research Laboratory, 


E. I. du Pont de Nemours & Co., Inc., Parlin, 
N. J.; J. A. Ayres, Knolls Atomic Power 
Laboratory, General Electric Co., Schenectady, 
Y. ¥.; A. Kant, Bureau of Mines, Pittsburgh, 
Pa 
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La and Ce, to act as carriers for the 
corresponding fission products. As the 
boiling continued, the suspensions of 
uranium hydride acquired a deep green 
color, because of slow reaction with 
the acid, forming uranous chloride. 
Aliquots of the first were taken period- 
ically, centrifuged, and the solutions 
evaporated to dryness. Total radio- 
activity measurements were made on 
the residues, which were then analyzed 
for uranium and plutonium. Aliquots 
of the second suspension were centri- 
fuged, and the carrier elements uranium 
and plutonium were separated by 
chemical methods. This permitted de- 
termination of the radioactivity of each 
fission product corresponding to the 
carrier element employed. 

The results showed that no preferen- 
tial extraction of any element occurred, 
and that the activities of the solutions 
were in proportion to the amount of 
uranium they contained. It thus be- 
came evident that the fission products 
and plutonium were dissolved only when 
the uranium hydride in which they were 
held was also dissolved, and that no 
enrichment could be achieved. 

Behavior of radioxenon. Among the 
fission products of uranium are two 
isotopes of xenon, Xe!** and Xe'*, of 
5.3-day and 9.2-hour half-lives, respec- 
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tively (2). These are the only inert 
gas isotopes of reasonably long half-life 
which are formed in significantly high 
vields. <A 
barded uranium, in 
lived isotopes of krypton had decayed, 


sample of neutron-bom- 


which the short- 


and which thus contained the above 
isotopes of xenon as the only important 
inert gas constituents, was placed in a 
flask attached through several reaction 
tubes to a cylinder holding an alumi- 
num-walled Geiger- Miller counter tube, 
over which the gases could be passed 
(see section titled Experimental). In 
this way the radioxenon could be 
detected 
driven from the uranium. 


The uranium was converted to the 


and measured when it was 


hydride, and any radioxenon liberated 
was flushed into the cylinder holding 
the counter tube, where its activity 
A little argon or nitro- 
Next 
the hydride was decomposed at 400 


was measured. 
gen was used as a carrier gas. 
under reduced pressure; the gases 
evolved were again collected and the 
radioactivity measured. Finally the 
remaining metal was completely dis- 
solved in phosphoric acid, and the gas 
was collected. This permitted deter- 
mination of the total amount of radio- 
xenon present. 

The studies showed that the conver- 
sion of the massive uranium to the very 
finely divided hydride caused less than 
1 % of the xenon to be liberated. Upon 
thermally decomposing the hydride at 
400°, only 15% of the xenon was given 
up. Complete solution of the sample 
was necessary to effect the complete 
evolution of the xenon. Uranium 
hydride prepared from ordinary metal 
(i.e., not bombarded in the presence of 
some radioxenon) failed to adsorb the 
gas. 

The data given above are in keeping 
with the retention of the fission prod- 
ucts by the hydride upon leaching. 
Evidently when uranium is converted 
to its hydride, the small particles formed 


18 


are still very large compared to atomic 


dimensions, and foreign atoms en- 
trapped in the hydride lattice are held 


more or less firmly. 


Chemical Properties 

Action of air. Handling and transfer 
of uranium hydride. The pyrophoric 
nature of uranium hydride has been 
mentioned (3). Some samples, how- 
ever, were found not to ignite in the air, 
and it was observed that exposure of 
preparations to small amounts of air 
for a period of about an hour stabilized 
them sufficiently to permit handling in 
the air (4, 5). It was also noticed that 
specimens which had been exposed in 
filled with nitrogen or 
carbon dioxide frequently be 
handled in air without catching fire. 
The air stability was probably due to 
the formation of a protective layer of 
Such prepara- 


a “dry box” 
could 


oxide on each particle. 
tions were not completely air stable, 
gradual oxidation taking place as shown 
by periodic weighings of a sample. 
When transfer of the hydride was 
necessary it was done in an atmosphere 
of nitrogen or carbon dioxide in a dry 
box, but on some occasions when the 
boxes were not flushed sufficiently, the 
sample ignited and continued to burn. 
A box containing lumps of dry ice, and 
flushed with dioxide from a 
cylinder of liquefied gas, was usually 
found to be safe in transferring the 
powder from one vessel to another, 
although even in this atmosphere some 
attack of the hydride occurred. It was 
found helpful to cool the hydride 
samples with dry ice during manipula- 
tion in the dry box; even under these 


carbon 


conditions samples occasionally ignited, 


especially when agitated. It is recom- 
mended, when possible, that transfers 
be avoided by preparing the hydride in 
the vessel in which it is to be used, but 
that when handling it is necessary, 
the operator take the precaution of wear- 
ing asbestos gloves and a face shield. 
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Action of the common reagents. 
Since the investigations of the chemical 
properties of uranium hydride were of a 
survey and exploratory character, only 
reactions were studied exhaus- 

The that 


iranium hydride generally reacted as a 


1 Tew 
tively evidence showed 
powerful reducing agent, and often had 
in effect 
metal in finely divided form 


similar to that of the free 


Small quantities (up to 25 g) of the 
hydride were covered with water, usu- 
illy with no visible reaction (acetylenic 
lors were detected). But on a larger 
scale a deflagration usually took place, 
orming uranium dioxide according to 


the « quation 


UH 2H.0 — UOz + t2H 
The sudden red heat broke open the 
ass containers. When water was 


idded dropwise to a large quantity of 
the hvdride (400 g), 


heat was generated (6). 


a small amount of 
By maintain- 
ng a low temperature, the whole mass 
vas thoroughly wetted without violent 
reaction 

The effeets of several non-oxidizing 
icids were noted. Hvdrochlorie acid, 
dilute or concentrated, added to small 
quantities of the hydride, reacted only 
erv slowly; even on boiling the reac- 
tion was relatively slow. This was in 
contrast to the 
metal, even in the massive form, which 
was attacked by hydrochloric acid with 
The effects of dilute 
sulfuric, perchloric, or phosphoric acids 


reaction of uranium 


extreme rapidity. 


on the hydride were similar to that of 
hvdrochlorie (4, 5). 

Concentrated sulfuric acid, when 
heated with the hydride, was readily 
reduced to sulfur dioxide, sulfur, and 
hydrogen Hot 


phosphoric acid dissolved the hydride 


sulfide. concentrated 
rapidly, forming a uranous phosphate. 

There was no reaction between ura- 
nium hydride and dilute acetic acid but, 
on boiling under reflux, a brownish- 
black, apparently colloidal, suspension 
with glacial 


resulted. No 
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reaction 


acetic acid occurred until a little hydro- 
gen chloride gas was bubbled into the 
This 


reaction 


suspension caused a vigorous 


exothermic upon cooling, a 
light green precipitate was deposited, 
which was found to consist mostly of 
uranous acetate. 

A number of common oxidizing agents 
Nitrie acid attacked the 
especially 


were tested. 
hvdride when 


concentrated, and on several occasions 


vigorously, 
ignition resulted. Uranyl nitrate was 
Uranium 
ized by 30°. hydrogen peroxide with 
(7). In the 
presence of dilute nonoxidizing acids, 


formed. hydride was oxid- 


the emission of sparks 


hydrogen peroxide caused dissolution 
of the hydride to form the uranyl salt of 
the acid. ‘These included hydrochloric, 
sulfuric, phosphoric, perchloric, acetic, 
tartaric, and citric acids. Other oxi- 


dizing which dissolved the 


hydride in acidic medium, forming ura- 


agents 


nvl ‘salts, included ceric sulfate, potas- 
sium dichromate, permanganate, bro- 
mate, and chlorate (8). 

Alkaline solutions, including sodium, 
potassium, and ammonium hydroxides, 
and sodium cyanide, failed to react with 
uranium hydride. 

Action of heavy metal salt solutions 
(9, 10, 11). A number of heavy metal 
salts, particularly silver salts, were 
found to react with uranium hydride. 
Silver nitrate in aqueous solution was 
reduced readily, liberating silver and 
hydrogen and forming uranyl nitrate. 
The principal reaction may be repre- 
sented as follows: 
2UH; + 12AgNO 

+ 2U0.(NO 


+ 2H.O > 12Ag 
+ SHNO, + 3H, 


which indicates that 6 mols of silver 
were liberated per mol of uranium 
hydride consumed. The silver from a 


known amount of the was 
filtered off and weighed; calculations 
showed that the Ag/UH 
This ratio of slightly less than 6 was 
partly attributed to the oxidation of 


some of the uranium hydride by the 


19 


hydride 


ratio was 5.8. 





nitric acid formed by the 


reaction. 


primary 


The less soluble silver salts, including 
the acetate, and tartrate, were much 
more sluggish in their reactions with 
uranium hydride. Silver 
acted moderately rapidly. 


sulfate re- 
Silver fluor- 
ide, which is exceedingly soluble in 
water, 


exothermally, the uranium being oxid- 


was reduced vigorously and 
ized only to the tetravalent state owing 
to the insolubility of the tetrafluoride: 
2UH; + 8AgF — 2UF, + 8Ag + 3H, 
Silver perchlorate solutions reacted 
with the hydride particularly rapidly. 
Contrary to expectations, it was found 
that some of the perchlorate ion itself 
was reduced and precipitated as silver 
chloride, the silver-silver chloride mix- 
ture separating as a gray, spongy mass. 
The two 
probably be represented as follows: 
2UH; + 12AgClO, + 4H,O — 12Ag 
+ 2U0.(C1O,4)2 + SHCIO, + 3H. 
2UH,; + 5AgCIO, — 4Ag + AgCl 
+ 2U0.(C10O,)2 + 3H: 
Silver perchlorate is also abundantly 
(12). It 
served that in this nonaqueous medium 


simultaneous reactions can 


soluble in toluene was ob- 
a rapid, exothermic reaction with the 
hydride ensued. 
chloride 
products. 


Both silver and silver 
were found in the reaction 

The reactions of the salts of a few 
other heavy metals were briefly investi- 
gated. Cupric sulfate solutions failed 
to react with the hydride at room tem- 
but, upon 


reaction occurred, as evidenced by the 


perature boiling, a slow 


formation of copper. A_ solution of 


cupric ammonium chloride, which dis- 


solves metallic iron without formation 
of a precipitate (/3), 
oxidize uranium hydride quickly, caus- 


was found to 
ing complete solution. 

Mercurie chloride solution caused a 
rapid reaction, yielding mercury, mer- 
curous, uranous, and uranyl! chlorides. 
Mercuric nitrate 
Arsenic and antimony trichlorides were 
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was also reduced. 


latter 
solution 


Ferri 
littl 
hydridk 


reduced, the rapidly. 
containing a 
sulfuric acid dissolved the 
smoothly at 100°. 

Reactions with various gases (/ 4, /5 
Preparation of tri- and tetravalent 
uranium compounds. It was 
possible to prepare a number of tri 


sulfate 


found 


and tetravalent uranium compounds 
conveniently by passing certain gases 
over the hydride at temperatures vary- 
temperature to 500°, 


depending on the specific reaction. A 


ing from room 
dry state may be maintained by this 
means. In no case was it necessary to 
exceed the melting point of the product 
The result was an anhvdrous, fine and 
easily handled product rather than a 
fused mass. 

In the reactions at elevated tempera- 
tures, there may be some doubt as to 
whether uranium hydride or the finely 
divided metal resulting from the de- 
composition of the hydride is the actual 
reactant. Those occurring above about 
350° or 400° are undoubtedly reactions 
with the free metal, but at 250°, where 
the dissociation pressure of the hydride 
is 4.8 mm, the reactant could be the 
the hydride or both. The 
product is the same in either case. 

The reactions of uranium hydride 
with various gases and vapors are out- 
lined in Table 1. 


product 


metal or 


The composition of 
each was established, when 
possible, by the weight gain caused by 
reaction with uranium hydride prepared 
from a known amount of uranium; usu- 
ally this was supplemented with analy- 
tical data. Notes on the reactions are 
presented below; analyses are given in 
the Experimental section. 

(a) Copper and nickel apparatus 
was employed in the reactions with 
It was found that 
under the proper conditions it was not 
necessary to convert all of the uranium 
to the hydride before admitting the 
hydrogen fluoride, since the hydrogen 
released by the reaction served to con- 
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TABLE 1 
Reactions of Uranium Hydride with Various Gases and Vapors 


Product 


Gas or vapor Temperature 
HI 20-400° UF, 
HCl 250-300 UCI; 
Cl 250 UCl 
COC. 250° UC), 
CCl.s 250 UC 
HBr 300° UBrs 
Br 300-3505 UBr, 
HI 250-400° 
I 100 
CHsl 275-300° 
HO 350° UO; 
HS 100° Us, 
NH; 250° U:N;-UN 
N 250° U2N3;-UN 
PH; 400° UoP; 
co 400° 
CO: 300 UO, 
HCN 100° 
C:H, 500 
CH, 550% oC 


A ppearance Notes 
Pale green powder a 
Reddish-brown powder when hot; b 
fine olive-green wher. cooled 

Light green powder c 
Green powder d 
Green powder d 
Fine reddish-brown powder 
Light brown powder e 
Brown powder f 
Brown powder f 
Brown powder f 
Brown powder 
Fine black powder 
Gray powder 4 
Gray powder g 
Dark gray powder 

h 
Dark powder i 
Dark gray powder j 
Black powder k 
Dark powder 1 





ert the remaining metal to the inter- 
mediate hydride. With agitation, 92% 
1160 g lump of uranium was 
tetrafluoride within 


or an 

converted to the 

two hours (/6). 
b) On 


preparation of uranium trichloride, a 


a few oceasions during the 


trace of white crystalline sublimate 
condensed in the cooler parts of the 
glass reaction tube. This was identified 
as ammonium chloride, and was traced 
to nitride impurities in the uranium. 
The halides of uranium, except UF,, 
were hygroscopic. 

c) When pure chlorine was passed 
over the hydride, a violent and uncon- 
trollable reaction took place. This was 
remedied by diluting the chlorine with 
helium. The 
mended technique of preparing the 
tetrachloride is to chlorinate the tri- 
chloride, prepared in turn by the action 


uranium 


10 volumes of recom- 


of hydrogen’ chloride - on 


hydride: 
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> UCI, 
»>2UCI, 
tetrachloride 


UH; + 3HCl + 3H, 
2UCI; + Cl. 

(d) The uranium 
formed by the 
chloride or carbon tetrachloride on the 


action of carbonyl 
hvdride was contaminated in each case 


by earbon or a carbide, and was of 
heterogeneous appearance. 

(e) Helium was used as a carrier gas 
and diluent for vapor (17). 


The preferred procedure for preparation 


bromine 


of uranium tetrabromide is to brominate 
the tribromide. 

(f) The uranium 
mally unstable, and were attacked by 
Satisfactory analyses 
were not The products were 
probably uranium tri- or tetraiodide, or 
mixtures of these. The iodine vapor 
was carried by helium into the reaction 
tube (18). The product from methyl 
carbonaceous 


iodides were ther- 


the atmosphere. 
made 


iodide contained some 
material. 
(g) The composition of the product 
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obtained by the reaction of ammonia 
or nitrogen with uranium hydride was 
slightly variable because of the existence 
phase in the uranium- 
between U.N; 


of a single 


nitrogen and 
UN» (19) 

(h) No reaction of the hydride with 
carbon monoxide occurred up to 400°; 


system 


the hydride was decomposed to the 
metal. 

(i) The 
with the hydride was quite rapid above 
300 
There was a very slow but appreciable 


reaction of carbon dioxide 


and carbon monoxide was formed 
reaction at room temperature. 


(j) The reaction at 400° with hydro- 
gen cyanide gave a mixture of uranium 


carbide and nitride. 
(k) The 


500 was slow and vielded a black 


reaction with ethylene at 


powder, evidently a mixture of a 
uranium earbide and uranium metal. 

(1) Methane reacted at 550° giving a 
dark 


ponent was identified as uranium mono- 


mixture, whose principal com- 
carbide by X-ray analysis (14). 

Certain of these compounds readily 
prepared from uranium hydride may 
be employed in the purification of 
laboratory gases (20); these include the 
purification of hydrogen chloride over 
uranium trichloride and of nitrogen over 
uranium nitride. 

Action of solvents. 
of uranium hydride were covered with 


When samples 


a series of solvents, the only visible 
effect was the evolution of very small 
bubbles for a few hours. The solvents 


included benzene, toluene, hexane, 


mineral oil, ether, ethanol, dioxane, 
ethyl and amyl acetates, carbon disul- 
fide, glacial acetic acid, and acetone 
(4, d). 

When a fresh preparation of uranium 
hydride was treated with carbon tetra- 
reaction 


(21), an explosive 


Other chlorinated solvents, 


chloride 
occurred, 
such as chloroform and chlorobenzene, 
reacted weakly with some evolution of 
heat but did not cause explosions. 


Reduction of organic compounds 
(4,4, 22). Cursory experiments on thy 
reduction of organic compounds wit 
the aid of uranium hydride were con- 
ducted using naphthalene, maleic an- 
In the first 
case, naphthalene was mixed with 


hydride, and nitrobenzene. 
relatively small quantity of uraniu: 
and the pressure increased to 104 at- 
mospheres with hydrogen in a hydro- 
The temperature was 
250°. After cooling, 
was found that the uranium had bee: 
converted to the hydride, but the melt- 


genation bomb. 
maintained at 


ing point of the hydrocarbon’ was 
identical with that of the original nap! 

As a matter of fact, caleula- 
that the 


above attempted reaction is thermo- 


thalene. 
tions showed reverse of the 
dynamically favored (3), namely, the 
dehydrogenation of tetralin and decalir 
by uranium to form naphthalene and 
uranium hydride. It is quite possibl 
that uranium, prepared by the decom- 
position of the hydride, could serve as 
a dehydrogenating agent useful in 
svnthetic organic work. 

The reduction of maleie anhydride 
was attempted at atmospheric pressure 
by melting and refluxing the pure com- 
pound (b.p. 200°) with uranium hydride 
A viscous dark brown liquid resulted 
from which no crystals could be isolated 
The material gave a strong unsaturation 
test. 
reduce nitrobenzene by heating mix- 


Similar attempts were made to 


tures of various compositions to 180 
A definite 
reaction occurred, but no positive tests 
It is realized 


185° with uranium hydride. 


for aniline were obtained. 
that the experiments above are incon- 
clusive, but more pressing work pre- 
vented further study. If certain reduc- 
tions of organic compounds can be made 
employing uranium hydride, the use of 
uranium deuteride may prove valuable 
for introducing deuterium into organic 
molecules. 

Uses of uranium hydride and the 
hydride reaction. It is of interest to 
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note some of the applications of ura- 
nium hydride and the reaction by which 
it is formed. Use of the compound as 
1 laboratory source and reservoir of 
pure hydrogen or deuterium has been 
discussed (3), as well as its decomposi- 
tion to furnish powdered uranium. 
The reactions of the hydride with a 
number of gases affords preparative 
methods for certain compounds other- 
wise quite difficult to make in a pure 
inhydrous state. Conversion of ura- 
nium alloys to a powder by hydride 
formation permits sieving out ervstals 
of the intermetallic compounds of 
iranium present (23). Short treatment 
of metallographic specimens of ura- 
nium alloys with hydrogen at 250 
causes etching, which improves the 
clarity of the micro-structure (24). 
Imperfections in the coating of uranium 
ngots may be detected by heating in 
hydrogen; wherever a hole or crack 
exists, the uranium is attacked, and a 
swelling is formed. A number of 
other minor applications have been 


discovered 


Experimental 

Extraction of fission products. The 
bombarded samples of uranium were 
converted to uranium hydride by first 
heating to 250° in hydrogen and then 
cooling. Vycor vessels were employed 
to minimize adsorption of the traces 
of fission products. The first sample 
was refluxed with 0.5 N hydrochloric 
acid, and the second with 5 N hydro- 
chlorie acid containing milligram quan- 
tities of KI and NasMoO, and the 
chlorides of the following metals: Sr, Y, 
Zr, Te, Ba, La, and Ce. Radioactivity 
measurements on the aliquots were 
made using a Lauritsen electroscope. 
The carrier elements were separated by 
ordinary chemical methods; the plu- 
tonium was carried down by precipi- 
tating lanthanum fluoride and deter- 
mined by an alpha counter. Uranium 
analyses were made titrimetrically. 
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Behavior of radioxenon. The ap- 
paratus consisted of a reaction flask (in 
which the uranium hydride was pre- 
pared) connected to a bead tube con- 
taining saturated sodium bisulfite to 
absorb any radioiodine liberated. The 
bead tube was joined through a trap to 
a heated cupric oxide-packed tube, 
which served to convert excess hydrogen 
to water. The next member of the 
train was the cylinder holding a Geiger- 
Miller counter tube whose walls were 
of thin aluminum. In some of the 
work an eudiometer Was interposed just 
before the counter tube; it supported 
a leveling bulb holding potassium 
hydroxide solution. After each step 
a small quantity of argon or nitrogen 
was admitted to act as a carrier for the 
trace of radioxenon present; this was 
flushed through the apparatus with 
carbon dioxide, which was absorbed by 
the alkali. 


eudiometer were then transferred to the 


The gases caught in the 


cevlinder holding the counter tube, and 
the activity measurement was made. 

Reactions of uranium hydride with 
liquid reagents. In most cases in which 
qualitative data on the reactions were 
sought, small amounts of the hydride 
were transferred to the reaction ves- 
sel in a carbon-dioxide-filled dry box, 
covered with water or other liquid, and 
removed to the air when the reagent 
was added. Ina few cases, the hydride 
was prepared in a flask and cooled, and 
the reagent was intMSduced through a 
dropping funnel. 

Reactions of various gases with 
uranium hydride. The work involving 
anhydrous hydrogen fluoride was con- 
ducted in nickel or copper reaction 
bombs equipped with copper leads. 
The apparatus for the remainder of the 
work was very simple. Through a 
3-way stopcock, a Pyrex reaction tube 
heated by a resistance furnace was con- 
nected to a purified hydrogen supply 
and the source of the second reacting 
A weighed amount of 
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gas or vapor. 





uranium in a boat was converted at 250° 
to the hydride which, after adjusting 
the temperature, was treated with the 
second gas or vapor directly. 
Analysis. UF,: U, 
F, 24.2. Found: U, 75.5; F, 
Cale. for UCl;: U, 69.0; Cl, 
Found: U, 69.2; C!, 29.4. 
UCI,: U, 62.6; Cl, 37.4. 
uct from Cl. and UHs;) U, 
37.5; (product from Cl, 
U, 63.6; Cl, 36.4. Cale. for UBr;: U, 
49.9; Br, 50.1. Found: U, 50.1; Br, 
49.9. Cale. for UBr,: U, 42.7; Br, 57.3. 
Found: (product from Br. and UH;) 
U, 42.7; Br, 57.2; (product from Bre and 
UBr;) U, 42.4; Br, 56.9. Cale. for 
UI;: U, 38.5. Found: (product from 
CH;I and UH;) U, 39.0. Cale. for 
JS2: U, 78.8; 8, 21.2. Found: U, 79.5; 
S, 20.5. Cale. for U:P3: U, 83.7; P, 
16.3. Found: U, 83.0; P, 17.0. 
Reduction of organic compounds. 
Naphthalene (50 g) and uranium turn- 
ings (5g) ina hydrogenation bomb were 
heated to 250° for an hour under 104 
atmospheres of hydrogen. The bomb 
was shaken constantly, and was cooled 
before opening. In the reaction with 
maleic anhydride, uranium hydride was 


75.8; 
23.9. 
31.0. 
Cale. for 


Cale. for 


Found: (prod- 
63.6; Cl, 
and UCl;) 


prepared from uranium (3.5 g), and the 
anhydride (2.0. g) dropped in 
through an air condenser; 


was 
a hydrogen 
atmosphere was maintained at all times. 
The organic compound was melted and 
Unsuccessful 


refluxed for 4.5 hours. 


J , 
attempts were made to isolate crystals 
In the 
nitrobenzene, 


from both water and dioxane. 
first 
uranium (15 g) 
hydride, and a small amount (3.5 g) of 
nitrobenzene was added under hydrogen 


attempt to reduce 


was converted to its 


atmosphere. The mixture was heated 
for 16 hours at 180°-185° using a salt 
bath. After 
ether extracted. 
ment was similar and employed the 


cooling, the was 


The second experi- 


paste 


same amount of uranium hydride but 
with more nitrobenzene (8.0 g). The 
mixture was heated for 3 hours, and 
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worked up as before. Tests for anilin, 
were made by attempted formation 
an azo dye, but all results were negatiy 


Summary 


The radiochemical properties of ura- 
nium hydride involving leaching of tly 
fission products and the behavior 
radioxenon were investigated. A gen- 
eral survey of the chemical propertics 
of the hydride was made. This _in- 
cluded its reactions with air, water 
acids, oxidizing agents, heavy meta! 
salt solutions, halogen-bearing gases 
ammonia, phosphine, and other gases 
the effects of solvents, and attempted 
reductions of organic compounds. A 
few of the reactions afforded excellent 
preparative methods for certain anhy- 
drous uranium compounds, otherwis 


somewhat difficult to prepare. Some of 


the applications of uranium hydride and 
the hydride reaction were briefly listed 


In some of the chemical work with 
uranium hydride the authors wish to ac 
knowledge the aid of Messrs. T. Butl 


M. Goldblatt, J. Powell, and A. Tevebaugh 
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A Coincidence Scintillation Counter 


Coincidence circuits eliminate many of the disadvantages 
in scintillation counters caused by background of photomulti- 


pliers. 


A crystal diode differential coincidence circuit, 
using anthracene as the detector, is described. 


It gave 


good performance in counting beta rays and fast neutrons 


By G. A. MORTON and K. W. ROBINSON 


Radio Corporation of America, RCA Laboratories Division 
Princeton, New Jersey 


THE SCINTILLATION COUNTER is proving 
to be an extremely useful tool for the 
detection and measurement of nuclear 
Basically, this form 
of detector consists of a transparent 


particle radiation 


phosphor crystal, a photoelectric con- 
verter, a pulse-height discriminator, and 
some form of count-rate meter. The 
crystal phosphor is so chosen that when 
it is struck by a photon or particle of 
nuclear radiation, it produces a flash or 
scintillation of light. This scintillation 
of light is converted by the photo- 
electric device, usually a secondary 
emission multiplier, into an electrical 
pulse, The pulses generated in this 
way, after passing through a suitable 
selector circuit, are counted on one or 
another form of count-rate meter. 


* Work done as part of Bureau of Ships Con- 


tract NOt sr-42460. 
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Crystals suitable for this purpose 
must produce radiation in the spectral 
range to which the photoelectric device 
is sensitive, must be transparent to this 
radiation, and must be efficient in con- 
verting the energy of the particle into 
visible radiation. A number of crystals 
have been found satisfactory for this 
purpose. thallium- 
activated alkali iodides and double- 


Among _ these, 
bonded carbon organic crystals, such as 
anthracene, have achieved notable 
A good crystal of sodium 
iodide will produce as many as 20,000 
photons of visible light in converting a 
one Mev gamma ray. 

The conversion of a gamma ray into 
visible light is a complicated process 


success. 


taking place in several steps. The 
gamma ray gives up some or all of its 
energy to an electron in the crystal, 
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FIG. 1. Noise and gamma-ray pulses 


from photomultiplier 





through photoelectric conversion, 
The 


formed in 


collisions, ete. 


thus 


Compton high- 
the 


crystal excite fluorescent centers in the 


energy electrons 


lattice. In view of the nature of this 
process of conversion, a wide variation 
in the number of photons produced per 
Con- 
may 
consist of several tens of thousands of 


scintillation is not unexpected 
sequently, while bright flashes 
photons, a large number of flashes will 
be smaller. 

The 931-A type multiplier 
RCA 931-A, 1P21 1P28) is fre- 
quently employed as the photoelectric 
converter in 


(i.e., 
and 
scintillation counters. 
The spectral response of these tubes is 
well suited to the fluorescent character- 
istics of both Nal:T1 and anthracene 
since the response has a maximum in 
$000 A.U. At 
this wavelength the quantum efficiency 


the neighborhood of 


of the photocathode is in the neighbor- 
hood of 5 to 10%. 
type of multiplier, when operated at 
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The gain of this 


the normal 


stage, is, on 


voltage of 
the 
Hence, 1 
leased at the photocathode will repre 
sent a charge of 1.6 & 107'% coulombs 
at the output. 
collector and 
limited to 10 
voltage pulse produced by one electron 
from 


100 volts pe 
average, about 


million, photoelectron re 


If the capacitance of the 
circuit is 
micromicrofarads, the 


associated 


the photocathode is about 15 
millivolts. However, by operating the 
multiplier at a higher voltage, the gain 
can be increased to 107 or more for some 
multipliers. Under these cireum- 
stances the output pulse for a singk 
electron will be nearly 0.2 volt. For 
this type of operation it is necessary to 
select the multiplier. Furthermore, it 
is advisable to operate the tube with 
lower voltages on the first few stages 
than on the final stages rather than to 
distribute the voltage in equal voltage 
steps between all stages. 

Even when the multiplier is in com- 
plete darkness, current pulses appear in 
the output of a size corresponding to 
one electron released from the photo- 
cathode or larger. Figure 1 is a curve 
showing the number of dark current 
pulses as a function of pulse size. The 
abscissa of this curve is the pulse size 
in units corresponding to one electron 
times the gain of the multiplier (Ge 
while the ordinate gives the number of 
pulses per second of size equal to or 
greater than the pulse height indicated 
It will 
be noticed that several hundred pulses 
per second occur in the output with a 
pulse height equal to unity or greater. 
In order to reduce the background 


by the value on the abscissa. 


counting rate to less than 1 per second, 
it is form of 
pulse height discriminator which elimi- 


necessary to use some 
nates all pulses with heights less than 
about 7 electrons from the photo- 
Tests show that for suitable 
multipliers the dark pulse distribution 
curve in the units used on the above 
relatively 
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cathode. 


curve is independent of 











up to the point of instability 


voltage 
f the multiplier 

It will be apparent that the back- 
ground pulses of the secondary emission 


a serious constraint on 
fact, 
a single multiplier is used, the 


multiplier put 
the scintillation detector. In 
vhere 
levice will only be useful where one or 
more of the following conditions can be 
met: (1) the radiation intensity suffi- 
that the 
ount of the multiplier does not inter- 


rere 2) the 


cient so large background 


individual scintillations 
that 
selector can be used to reduce the back- 


large enough so a pulse height 


gro ind count: 


3) the multiplier cooled 
n order to lower the thermionic current 
from the photocathode and dynodes; 
his thermionic current is responsible 


in large measure for the background 
pulses 

Two multipliers used in coincidence 
limitations. 
Where two multipliers are used in this 


overcome most of these 
vay, the effect of the background can 
be reduced to a very low value without 
the necessity of cooling the multiplier 
even if the scintillation is so small as to 
cause the release of only one electron. 

When used in this way, the multi- 
so located that the flash trom 


the crystal phosphor strikes the photo- 


pliers are 


cathode of each, thus producing simul- 
taneous pulses at the outputs of both 
multipliers. The circuit following the 
multipliers ean be so arranged that the 
pulse rate indicator responds only to 
simultaneous pulses from the two photo- 
multipliers. Obviously, occasionally 
the random background pulses from the 
two multipliers The 


number of these spurious coincidences 


will coincide. 
will be equal to the product of the 
background pulses from each multiplier 
times the resolving time of the circuit. 
Resolving times of a few tenths of a 
microsecond can be obtained with al- 
most no difficulty, and consequently, 
since the background pulse rate of the 
multipliers is of the order of a thousand 
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counts per second, the « xpected number 
of accidental coincidence sw ill be of the 
order of 10 to 30 pulses per minute. 
The advantage of the coincidence 
method becomes more apparent upon 
further examination of Fig. 1 In 
addition to the noise curve, this figure 
shows the response of the system for a 
particular crystal to a y-ray source. It 
should be pointed out that pulse rate 
for a given size indicated by this curve 
upon the 


depends intensity of the 


source. The decrease of counting rate 
with increasing pulse height depends 
upon the kind, size and clarity of the 
crystal, upon the nature of the y-radia- 
and to 
With 


the conditions exemplified in Fig. 1, 


tion, some extent upon the 


multiplier. a single tube under 
if a background rate of 1 pulse per sec 


is desired, the pulse height selector 
must be biased to correspond to 7 Ge. 
The y-ray counting rate will, therefore, 
be 1,500 eps. 
a coincidence circuit 
time of 10°® sec, 


ground pulse output can be 1,000 counts 


On the other hand, with 
with a resolving 


the multiplier back- 


per sec for a net background counting 
rate of 1 per second. The pulse height 
selector can be biased to accept pulses 
down to 1 Ge; therefore, the counting 
rate for the particular y-ray source will 
be 9,000 counts per sec. 
sents a 6-fold gain in sensitivity. 

A number of different 


This repre- 


types of 


coincidence circuits may be used in 
conjunction with the multipliers. Most 
of these fall into one of the three 


following classifications: 


i 


. Symmetric gating 

2. Limiter-discriminator 

3. Differential 

The first two, in which vacuum tube 
coincidence circuits are generally used, 
have the disadvantage of requiring a 
high-gain, wide-band amplifier between 
the coincidence and 
multiplier, since they will not operate 


elements each 


with less than a few volts input if the 
pulses are random in height. 
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FIG. 2. Coincidence circuit using crystal 
diodes 





A differential coincidence circuit 
can be devised that does not have this 
requirement. Figure 2 shows sche- 
matically a circuit arrangement which 
can be applied directly to the multiplier 
if the signal output is of the order of a 
tenth of a volt. 


cuit uses crystal diodes of the 1N34 


This coincidence cir- 
type instead of vacuum tubes. As can 
be seen from the schematic diagram, 
two of the crystals are connected to the 
last dynodes of the multipliers, while 
the two collectors are connected to- 
gether and to the third crystal. If a 
pulse of height a occurs at one multi- 
plier only, a pulse height of a’ deter- 
mined by the curvature of the crystal 
will appear in the output of the crystal 
connected to the last dynode, and one 
ot the opposite sign at the crystal com- 
mon to the two collectors. These two 
pulses add to cancel so that nothing is 
counted by the rate meter. On the 
other hand, if pulses of height a occur 
in both multipliers, the pulses from the 
two crystals connected to the last 
dynodes will simply add, giving a pulse 
of height equal to 2a’, while the third 
crystal will receive a pulse 2a and con- 
sequently give an output of a”’ (as can 


be seen from inset curve of the cryst 
This will by 
greater than 2a’ by a residual which 


characteristic). pulse 
the coincidence pulse counted by th 
count-rate meter. 

To obtain an estimate of the quanti 
tative values that might be expected 
from this circuit, reference is made ti 
the simple equivalent circuit given ir 
Fig. 3. 

Here, it is assumed that the coupling 
resistor R is large compared with th: 
resistances of the crystals. The current 
through any of the crystals in terms o 
the voltage across it is 

t = K(ev¥ —1) 

AK = 3 X 10-8 amps 

y = 10.75/volt 
If pulses appear in both multipliers 
and are assumed to be equal in size, 
voltages V and —2V are developed at 
the three circuit terminals. Since the 
net current at a must be zero, the out- 
put voltage V, at this point will be 
given by the relation 
2K lev" +¥a) — 1] — [Kev2¥-¥a 

DeV(V+V.) — evi2V-V,) — ] 


Dery eyv = et7t 


1+ V1 + 8e%7! 
fer! 


=P 


ert 1 


ve = im + Vi + 87") - 
Y 
In4 — yV] 


The output voltage Va, as a function 
of the input signal V, is also shown in 
Fig. 3. From this it is seen that if the 
signal from the multiplier corresponds 
to 0.2 volt the coincidence pulse will 
be approximately 0.1 volt. At this 
amplitude, the coincidence pulses can 
be counted with a relatively simple 3- 
or 4-tube count-rate meter. 

This 
been tested with a variety of phosphor 
crystals, including anthracene and the 
thallium-activated alkali iodides. 

With a sodium iodide crystal aggre- 
gate for the phosphor crystal, it is 
found to have a counting rate of about 
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coincidence arrangement has 











OYNODE 


DYNODE 


COLLECTOR COLLECTOR 
) ae ., 


x KH toon 
oo sae | 7 
BIAS N36 N34 ida BIAS 

L 








200K 
INPUT TO 
> AMPLIFIER 
<sioK 
< 
> 
1 
= 
COINCIDENCE PULSE 
+Vv “2v Vv 
3 T T y 
| | 
va | } | 
2 — am | 




















+ 


FIG. 3. Diagram of crystal coincidence 


circuit 





300 
natural 


minute due to the 
of the location. 
\ Geiger indicates a back- 
counting rate of about 40 
minute at the same site. 


counts per 
background 
counter 

ground 
counts per 
The multipliers and circuit under these 
the 


background count without the erystal, 


conditions are so adjusted that 


s about 1 count per second. 
Calibrated with a radiocobalt stand- 
ard, the efficiency of the sodium iodide 
measured in terms of the solid angle 
which it subtends at the source, was 
10%. In other 
words, about 1 in every 10 gamma-ray 


found to be about 
photons passing through the crystal 
produced a countable scintillation. An 
anthracene crystal about 1 centimeter 
thick showed an efficiency of approxi- 
mately 5 to 8%. 


the linearity and range of intensity over 


In order to determine 


which this device would function as a 
gamma-ray detector, the rate of count- 
ing was determined as a function of the 
distance between the gamma-ray source 
A curve showing the 
It will be 
is strictly 


and the crystal. 
result is given in Fig. 4. 
that the law 
up to a 
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obeyed counting rate of 
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FIG. 4. Square law performance of 


coincidence circuit 





counts 


1,000,000 minute. At 
higher counting rates, the rise is less 


per 


rapid than inverse square requires in- 
dicating that there is an appreciable 
loss of count due to self-coincidences. 
Under the conditions of the tests, the 
electronic register with a 6 microsecond 
resolving time limited the rate of 
counting. 

Using an the 
counter was tested as a detector of beta 
It was found 


anthracene crystal, 


rays and fast neutrons. 
to give good performance both with fast 
beta rays from uranium and slow beta 
rays from radiosulfur. It 
good results as a fast neutron counter. 
The of this system are 
small and simple enough so that the 


also gave 


components 


device can be used very satisfactorily 
as a radiation monitoring instrument. 
Even with the relatively small crystal 
used, the device is significantly more 


sensitive than an ordinary Geiger 
counter. With a large clear crystal, 
its superiority would be even more 
marked. 
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INTRODUCTION 
cl 
Outline In general, in the cases (1, 3, and 4 ti 
SET DOWN HERE in svstematic form are ‘ivolving plane distributions, we shal! a 
solutions to a selection of standard treat a) a discrete plane source, 6) a r 
problems of neutron diffusion in a single distribution of sources depending on the : 
medium obtained on the basis of ele- linear coordinate z. In the spherica ti 
mentary theory. The purpose under- problems (2, 5, and 6), we shall treat a b 
lying their presentation isto make them 4 point source at the center of th a 
readily available to engineers and medium, 6) a concentric shell source, 
physicists concerned with the wide 4 spherical distribution as a function of d 
range of reactor problems in which the the radial coordinate r. In the pik it 
elementary diffusion theory gives results problems we shall treat a) a_ point g 
of practical usefulness source, 6b) a distributed source in a d 
The solutions are classified in terms of Cross-sectional plane, c) a general soure: r 
a) geometry of the medium and the dis- distribution. In the cylindrical case, C 
tribution of sources. and 6) kind of dif- | We Shall consider only a general source: " 
fusion problem under consideration. distribution in a cross-sectional plane 
The various forms of medium and the In several pile problems we shall give t] 
types of sources which are considered ‘listributions resulting from a given : 
are listed below. The numbers in this neutron flux over the ends of the pile. 2 
listing are used to designate the solu- The types of diffusion problem con- ti 
tions in the following tables. sidered are the following: iv 
ie Infinite medium, planar dis- en eS ee ae 
tributions 3 aes : 
tion arising from given thermal 
2. Infinite medium, spherical dis- neutron sources. 
tributions 2. The distribution of fast neu- 
3. Semi-infinite medium trons, as a function of position 
4. Slab of finite thickness and and energy (or alternatively, 
infinite extent ‘“‘age”’ as defined below). In 
6. Sphere particular this gives the spatial 
, ; ; ’ distribution of thermal neutron 
6. Sphere with a concentric cavity * ctietnin, (itaaciailit anabiens 
7. Infinite ‘pile’? of rectangular 
cross-section * 
8. Finite “pile” (parallelepiped)* pe published next month, Anindex tonotations it 
9. Cylinder’ Fa Suemelen ed tare Tw 
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EDITOR'S NOTE: This paper, which is a condensation of a report written for the 
National Research Council of Canada, is presented here with the thought of 
encouraging engineers to become familiar with the principles of reactor design 

The design of nuclear reactors has been generally regarded as requiring advanced 
training in nuclear physics and mathematics. For this reason, the study of such 
reactors for industrial applications has been left largely to experts who are specially 
qualified by experience on the Manhattan Project. Although the theory of 
nuclear reactor design has been developed by theoretical physicists to a consider- 
able degree of complexity, the concepts involved are relatively simple, and it is 
possible to do creative engineering development without a thorough mastery of the 
more specialized extensions of the subject. 


In working out the design of a new type of reactor, a normal procedure is to 
100se materials of construction and relative proportions and to make a trial solu- 
tion for critical size, breeding ratio, and other interesting quantities. When an 
approximate design basis has been-arrived at in this manner, the next step is to 
make a more detailed design of the actual pile lattice structure. The neutron 
density at various positions in the lattice is then found by means of diffusion theory. 
This involves solution of the appropriate diffusion equation with boundary condi- 
tions dictated by the geometry of the reactor. Some of the work of solving these 
boundary value problems is eliminated by this paper, and results in concise form 
ire given for a variety of cases. 


cl 


The size of the original report and the data and graphs presented in this con- 
densation may appear rather forbidding to a reader unfamiliar with the subject, but 
it is not necessary to go through the whole paper in detail. After reading the 
general introduction and the preface to a particular section, it is possible to go 
directly to the problem of interest and find the solution. A number of analytical 
results are also given in graphical form as an aid in visualizing and for rough 
calculations; in fact this paper could be regarded as a convenient summary of 
inalytical results to be used in the same manner as one uses a table of integrals. 

There are special problems in neutron diffusion in which the simple diffusion 
theory is not valid, for example, diffusion in strongly absorbing media. Also the 
design of so-called resonance or fast piles, in which appreciable neutron absorption 
takes place at energies greater than thermal, requires somewhat more advanced 
methods of calculation. However, the results given here are adequate for prac- 
tically all situations arising in the design of thermal reactors, which are of interest 
in power generation. 








as “thermal” and of effec- 4. Thermal and fast neutron dis- 
tively uniform energy after they tributions in multiplying media. 
pass below a certain threshold The equations will be numbered for 
energy ). reference according to the above classifica- 
3. The thermal neutron distribu- tions: e.g., (6.3b) will give the distribu- 
tion resulting from a given tion of thermal neutrons in a spherical 
distribution of fast neutrons medium with a cavity due to a concentric 
(This involves combining solu- shell source of fast neutrons. In general, 
tions from J and 2.) the first number designates the shape of 


The above refer to neutron diffusion medium, the second the type of diffusion 
in non-multiplying media; in addition problem, while the letter following desig- 
we shall treat nates the type of source. 


NUCLEONICS - February, 1949 31 








Mathematical Formulation 
of Diffusion Problems 


I. The equation for the diffusion of 
thermal neutrons is obtained from the 
continuity principle: 

Rate of change of the number of 


thermal unit volume 
(0p/dt) equals the number which flow 
div j), plus 


sources q 


neutrons per 


in over the boundary (- 
the number produced by 
minus the number captured p/7, all per 
unit time, where: 
pdVis the number of thermal 
neutrons in a volume element 
dV, 
is the time, 
is the flux of neutrons per unit 
area across a surface normal 
to the unit vector n, 
is the number of thermal 
neutrons produced per unit 
time in a volume element dV, 
and 
is the mean lifetime of ther- 
mal neutrons, or the inverse 
of the probability of capture 
of a neutron per unit time. 
The above equation becomes an equa- 
tion in the thermal neutron density p 
by virtue of the characteristic assump- 
tion of the elementary diffusion theory: 
j =°—D grad p 
where D is the 
D is given by 


“diffusion constant.” 


where / = total mean free path of ther- 
mal neutrons 
= scattering mean free path 
= mean velocity of thermal 
neutrons 
mean cosine of the scattering 
angle. 
This may be shown from the transport 
theory. 
The resulting 
for steady neutron distributions |7.e., 
(Op/dt) = 0) 
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equation for pis, 


DV2p — (p/r) = —9, 


Dr=L?, L 
“diffusion length,” 


or, putting being 


° p v 
We-m--at 8 @ 


For most purposes, the boundar 
condition to be imposed is that p shal! 
vanish on the boundary of the mediun 
A refinement may be introduced; it 
known that, in a semi-infinite medium. 
the extrapolated density vanishes at 
distance equal to 0.710 times the mean 
free path, outside the boundary. For 
media whose dimensions are large rela 
tive to the mean free path (only in this 
case is the application of elementary 
diffusion theory valid), it is valid to 
apply this boundary condition gener 
ally. 
effective dimensions of the medium by 
0.71 of the mean free path. 

The true value of the density at th 


This amounts to increasing th 


boundary may be shown from the trans- 
port theory to be given by 
- v3 Jj 
l+e 
where jo is the current at the boundary 


Z (1.2 


as given by the elementary diffusion 
theory, and € is a small constant which 
depends on the law 
vanishes for the case of isotropic scatter- 
ing. For this shall in a 
number of cases quote formulas for jo 


scattering and 


reason, Wwe 


II. We now turn to the elementary 
theory of the slowing down of neutrons 

The accurate theory of the slowing 
down of neutrons is very complicated 
we shall, however, be content here with 
an elementary approximate treatment, 
which is sufficiently accurate for many 
purposes. This treatment is based on 
the assumption of a unique functional] 
relationship between the “age” of a 
neutron (the time elapsed since its birth 
at a primary source) and its energy, 


during the slowing-down process. We 


shall suppose that all neutrons aré 


emitted from the primary sources with 
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a single energy. Because of the statis- 
tical nature of the slowing-down process, 
there will be a distribution of energies 
corresponding to each age. We shail, 
however, replace the actual slowing- 
down mechanism, in which the loss of 
energy takes place in jumps of different 
magnitude occurring at different times, 
by an idealized one, in which the loss of 
energy occurs continuously in time so 
that to each age corresponds a single 
velocity and vice versa. 

We may deduce an approximate rela- 
tion between velocity v and age ¢ as 
follows: The 

dE 2dv 

E : 
equal*to the probable number of colli- 
time dt, 
fractional 


fractional energy loss 


in a time interval df is 


sions in multiplied by a(v), 


the mean energy loss per 


collision. The probable number of col- 


l ° 
Io) dt, where /(v) is 
m0 


path at 


lisions in time dt is 


the mean free velocity v 
Therefore 
va 
~ Tv) a 


§ Q(v)de 
and == —_ 


(II.1 


a(v)v? 


This argument is obviously only valid 
when the interval dt (or dv) chosen is 
sufficiently large to contain many col- 
lisions, while a(v) and /(v) must have 
only a slight variation over such inter- 
vals 

Now 
sources of neutrons in a medium, so that 
s(r)dV is the production per unit time 
initial energy in dV. 
Suppose that we are interested in find- 
ing X (r,t), which may be defined for a 
steady neutron distribution by either of 


let s(r) describe the primary 


of neutrons of 


the following equivalent statements: 
X(r,t) is the density of neutrons 
per unit age interval, or 
X(r,t) is the number of neutrons 
passing the age mark ¢, or ils equivalent 
energy mark, per unit time. 
Let us now consider at any time 
neutrons in the age interval (t,t + dt) 
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These are simply the neutrons which 
were emitted in the time interval (0,d?), 
The density Ndt of 
such neutrons is precisely the density at 
time ¢ due to a pulse of duration dt and 
strength sdt at t=0. If we 
denote by ydt the current of these 
neutrons (¥ being then the current per 
unit age interval), and if we treat the 
pulse as effectively 


t seconds earlier. 


time 


Instantaneous, we 
have the continuity equation 
ax 


zi (1.2 


+ div ¥ = sd(t), 


where we have divided by dt through- 
out. 4(t) is the Dirae 6-function, 
defined by 6(f) = 0 for t #0 and 
fd(dt = 1 if the range of integration 
includes 


zero. In this equation, ‘t’ 


is time elapsed since the 
of the 


neutron 


emission 
neutrons, or in other words, 

age. The term on_ the 
right-hand side is equivalent to the ini- 
tial condition X(r,0) = s(r). 

NX(r,t) may also be defined as the 
number of neutrons passing a given 
energy mark per unit time. However, 
by virtue of the age-velocity relation 
(II.1), 

p(rwidv = X(r,t aX 4 dt 


atvore 


(11.3) 


is the density of neutrons in the velocity 
interval dv. 

Let us now introduce into (II.2) the 
usual 
that 


assumption of diffusion theory 
y = —DVX (11.4) 
where D has a form analogous to that 
of the thermal diffusion theory: 
e(v)e 
D = ’ 
3{1 — b(v)] 


cosine of the 


(11.5) 


b(v) being the mean 
scattering angle at The 
diffusion with 
velocity (and therefore with age), and 
(II.2) becomes: 
ax 
“at 


Let us introduce now the 


velocity». 


coefficient now varies 


= DV*X + sé(t) (11.6) 


“symbolic 


age’’ 6 defined by relation: 
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fone © ieee: 
o- rf ons sf a(v){1 — b(v)] v’ 
(II.7) 


vo being the initial velocity. The 
functional relationship (II.7) between 6 
and v implies also one between @ and 1. 
In fact, 6 is a form of measure of the 
energy during the slowing-down process. 
X(r,t) may then be written as a func- 
tion of rand 6, which we will designate 
X(r,9) for simplicity of notation. 

The equation (II.6) then takes the 


form 


(II.8) 


aX . 
* = V2X + 88(0) 


c 
This we take as the basic equation of 
the slowing-down process. It has the 
form of an ordinary time-dependent 
diffusion equation (heat conduction 
equation). The dimensions of the 
“symbolic age” @ are length?; 7/6 is 
simply the characteristic length (slow- 
ing-down length) for neutrons of 
symbolic age @ in the slowing-down 
process. 

III. The results of the two previous 
types of problems can now be combined 
to determine the thermal neutron dis- 
tribution arising from known sources 
of fast neutrons. If we designate by 
6) = L.2 (where L, is the ‘“‘slowing-down 
length’’) the ‘“‘symbolic age”’ at which 
neutrons cross the ‘thermal threshold,” 
we need only solve the slowing-down 
equation 

ox = V2X + 85(0) 


ry} (II.8) 


to obtain the distribution X(r,4o) of 
neutrons passing this threshold, that is 
to say, to determine the distribution of 
sources of thermal neutrons. This may 
then be substituted in the thermal neu- 
tron equation 


— FaX(e%) 1) 


where we have substituted the source 
distribution gq = X(r,60). 
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IV. In the case in which the mediur 
is a multiplying one, the “multiplica- 
tion constant” k is defined as the mean 
number of fast (fission) neutrons re- 
leased per thermal neutron captured in 
the medium. In this case there is ; 
source of fast neutrons proportional to 
the thermal neutron density at any 
point. In the elementary theory it is 
usual to assume the fission neutrons to 
have a uniform energy (and thus 
symbolic age). This may be assumed 
to be the same as that for the neutrons 
from the primary sources if the latter 
are due to spontaneous fission or fission 
stimulated by stray neutrons. Thus wi 
need only add to s in the equation 


k 
- representing 


(II.8) above a term 


the number of fast neutrons produced 
per unit time due to fission arising from 
thermal neutron capture. 

The investigation of the convergence 
of solutions of the resulting pair of 
simultaneous equations leads to the 
determination of the “critical condi- 
tions” for a chain-reacting system. 

We neglect throughout the ‘‘reso- 
nance capture” of “fast” (7.e., non- 
thermal) neutrons. 


Two Useful Relations 


If Ypr(r) is a distribution due to a 
point source at r = 0, and Wpi(z) is that 
due to a plane source at z = 0, these 
two solutions are related by the 
equation 

vorlr) = — 5 (GF) Ra) 
This is proved by treating a plane source 
as a uniform distribution of point 
sources on a plane. 

If ¥.(r,r’) is a distribution as a func- 
tion of r due to a shell source at r = 1’, 
then it may also be proved easily that 
this is given in terms of the plane 
source solution Y by the relation 


votre’) = oh Ivullr — rl) 
—valr +r’)] (R.2) 
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Tabulation of Solutions 





1. INFINITE MEDIUM, PLANE DISTRIBUTIONS 


1. Thermal Neutrons 
For a uniform plane source of thermal neutrons at z = 0 


Qr 


p= aL ealel/L (l.la) 
where p = thermal neutron density 
() = number of thermal neutrons from the source per unit area per unit time 
r = mean lifetime of thermal neutrons 
L = diffusion length 
z = distance from the source 


It follows from (1.la) that 
x 
2*pdz 
_h * 


<2? >a = = 2)? 


f 7 pdz 


so that the (diffusion length)? is one-half the mean square distance of thermal 
neutrons from the source. 
If there is a plane source distribution g(z) such that q(z)dz is the number of 


thermal neutrons produced per unit area in thickness dz, we have 


T 


p(z) = az {. ewe 2'I/L @(z2')dz' (1.1b) 


2. Fast Neutrons 
The density of fast neutrons of symbolic age @ (see II.7) arising from a plane 
source of neutrons of symbolic age zero at z = 0 is 


X es -~—— aa ¢ 40 (1.2a) 


where S is the number of neutrons emitted per unit area per unit time. It follows 
that 
<2*>ay = 20 = 2L,? 
L, being the slowing-down length to age 6). 
For a distributed source s(z) (we shall in general use s for fast neutron source 
strengths and q for thermal) 


1 oe Se 
X = - | ™ e 46 s(z’)dz’ (1.2b) 
\/ 450 - 2 
8. General Diffusion Problem Without Multiplication 
The density of thermal neutrons due to a plane source of fast neutrons is 


obtained by substituting for g in (1.1b) X(z,@.) obtained from (1.2a). On integra- 
tion this yields 


5 Tet [ewe {1 — en (ys -—*-)} 
4L L 2/6 
. 
+ elt {1 ~ oct (4 bind )} | (1.3a) 


L 2V/ % 
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where the notations are as in the previous sections and, in addition,"@) = L.? = th: 
(slowing-down length)? to thermal energy. Erf z is the error function defined by 
2 Pe , 
efs=«-> e-v*dv. From (1.3a) it may be shown that 
V r JO 
<22>ey = 2(L.2 + L?) = 21, 
if we introduce the ‘migration length”’ Ly by 
uo? = L,? + L?. 

Graphs (1.3a) and (1.3b) show (z) plotted for various values of L., L. By 
taking Sr = 1, p has been normalized; that is, the total number of thermal neutrons 
in the system is normalized to unity. The unit of length is chosen to be the 
migration length Lo. Putting L./L = y, we may write 


ft +7 — zV¥1+7? 
p(z7) = ~ { = al oT {! 7 (> - 2- : )} 
: “7 


‘ zV1 +7? 


lll J 


4. Multiplying Medium 
The density of thermal neutrons from a plane source of fast neutrons is 


Sr 4 €%n2% e-Gnlal 
2 4 anlL? + (1 — a2?) 0] 
n=— 0 


where L is the multiplication factor and a, are the complex roots of 


(1 — a,2L?)e@n7*L? = k, 


(1.4a 


For sufficiently large z, the n = 0 term predominates. For k < 1, a may be 
expressed in terms of k: 

V1 —k _< ves 
abs Ly UE ey) 


(1 + y?)4 96 


v'(60 + 527? + 137‘) (1 — k)? 
+ - 


For k near unity 
1—k I 
Ll 
where c is designated the ‘‘multiplication length.” 
The remaining quantities a, may be obtained from graph (A.1) of solutions to 
the equation 


~_ = 


x+iy = dre et) 
For, putting 
y7(1 — aL?) =p = 2+ iy 
in the transcendental equation for a,, we may write it 
p = re? 

where \ = ky*e7’. As in the last section, 7 is, of course, the ratio L,/L. Knowing 
p = 2x + iy, ais obtained from 

1 
a= ( — 9) 

y Varo EP +0 - an. VG > 8 49 - 2) 
a=. —_—-—___ —_—— —-- +1 - —— ——__—_—__—— : 

L : Moa ' ; ) | 
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Infinite medium, plane source 


Graph 1.3a— 
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Graph 1.3b—Infinite medium, plane source 
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Graph A.1—Solutions of the transcendental equation x + iy, = Ae~'z*¥v! 
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y2—Add 2z to abscissa 
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y«—Add 6r to abscissa 
ys—Add 8x to abscissa 
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2. INFINITE MEDIUM, SPHERICAL DISTRIBUTIONS 


1. Thermal Neutrons 
From (R.1) and (1.1la) we get for the density due to a point source 
Qr 
- 4xL*r . 
where r is the distance from the source. It follows from this that <r?>,, = 6L?. 
It is in fact true in all cases that <r? >ay = 3<2z?>ay, where <r?>ay is calculated 
for a point source and <z*?>,, for a plane source of corresponding strength. 
For a shell source at r = r’, from (R.2) 


r/L (2.1la) 


@r win’ 
p= : entrar W/L erlrtri/d (2.1b 
8rr’L j ? 
ind for a spherically symmetrical source distribution q(7 
T aie , —r\/1 r+r"\/L] , 9 
p=—— r’q(r’) [e~"" 1 — ¢ | dr (2.1¢e) 
2Lr I, q 


2. Fast Neutrons 
For a fast neutron point source of strength S 


Se % 
X= ° (2.2a) 
(4r0)*2 
For a shell source, if S is the number of neutrons per unit time from the shell, 
. (r—r’)? _ (r+r’)? 
rX = = ~ | é 40 —¢ 46 
8r’ V 36 
‘ (r?+r"2) 
Ss - ee 
=- aa sinh —. (2.2b) 
4r’ V 10 26 
For a spherically symmetrical source distribution S(r’ 
1 (r—r’)? (r +r’)? 
” : + 
rX = r é “ —€ 40 r’s(r")dr’ (2.2¢) 
2V r6 J-= 


3. General Problem Without Multiplication 
Thermal neutron distribution due to a fast neutron point source of strength S is 


7rSe%0/L? V/ 6 r 
p(r) =- —r/L oo @ — _ _e 
8rL?r | : ; ot ( L 2 a} 


V 6 r 
— e/L {1 —erf (— + )} (2.3a) 
L 2V & 
or, in the notation of (1.3) 


ev? = J /1 + $ 
p(r,y) =" ase aimed ~ ext (5 + ie *)} 


7 
penne 
/ ‘yids 
— VIF {1 ort (4 + yr g 
2 
This distribution is illustrated in graphs (2.3a-d). In graph (2.3e) we plot the 
total number of thermal neutrons inside a given radius. 
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Graph 2.3b—Infinite medium, point source 


Graph 2.3a- 








Graph 2.3c—Infinite medium, point source 
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Crosses axis at rp = y et 0.07958 
7 
with slope = —rp 
0.03 


Plot of rp(r,y) 

Normalization: Sr = 1 

Unit of Length = Migration Length 
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Graph 2.3e—Infinite medium, point source 
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4. Multiplying Medium 

In the notation of (1.4), the thermal neutron distribution arising from a point 
source of fast neutrons of strength S in a medium in which the multiplication 
factor is k is 


a 


Sr 4 e%n2% ¢ ar 
die ae \ 2 - P ° (2.4a 
der a L?*+ (1 — a,2h2\6 
n=— © 


3. SEMI-INFINITE MEDIUM 
The boundary of the medium is taken to be the plane z = 0, 


1. Thermal Neutrons 
If there is a source of strength Q at z = z 


, 


Qr 
p= a [ewle-#\/L — emlete'l/L), (3.1a) 
For a distributed source q(z’) 
T = — — P ; ‘ 
es I, fewle-2"7L — emlet2'l/L] (2) dz’. (3.1b) 


Using (I.2), we may obtain the density at the boundary: 


eg See f° isis 

ial) eo * e~#'* qlz )az. 
, l+e v Jo q 

The ratio of this to its value at z = Oin an infinite medium (with the same source) is 

¢ (0) 1 — 

Pin a VN 

Pht (0) 

where N is the average number of collisions a neutron experiences before capture. 

We shall not consider any further results for a semi-infinite medium. They 

may, if required, be obtained from the results for an infinite medium by the 

method of images; the solution for a semi-infinite medium with source at z’ is the 

difference of the solution in an infinite medium with source at 2’ and that due to 

an identical source at —z’. All further results, therefore, follow immediately 

from those of (2. Infinite Medium) above. 


4. SLAB OF FINITE THICKNESS and INFINITE EXTENT 


1. Thermal Neutrons 

Let us take the slab as lying between z = —a and z = a, so that its thickness 
is 2a. We consider a source of strength Q at z = 2’. Then the thermal neutron 
density is 








-, ate’ 
Qr sinh “ — 
leet) renee = — sinh L’ (z > 2’) (4.1a) 
* sinh L : 
ah 2 —* 
Qr sinh ——- ene 
aah tens Ss sinh a" (2 < 2). 
sinh L 
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If there is a distributed laminar source q(z’) we have 


. {sinh 29—* [* sinn 2** de" 
= —— sinh sinh — q(z')dz 
, _. 2a L J-a L ? 
L sinh | 


a+2f[2@. a— 2’ 
+ sinh ; [ sinh — a(z’)az' (4.11 


2. Fast Neutrons 
The density X(6,z) from a fast neutron source of strength S may be written i: 
either of two forms 
» (2m — 1)*x? 
s Vv (2m — 1)r2’ (Qn. —-l)<es 
z)=- \ {cos , 4a? 
—- 


cos ¢ 
a 2a 2a 


X(6, 


m=1 


or 


xz 
> ‘ S a»? 5% , 2 , 2 
X (0,2) th -rccmming ne? /46 + e7 (ee +4am) /40 4. pola 2’—4am) /40 
V/ 490 ~ 
m=1 
— erlete’+(2m-1)2a]*/40 _ g-[e te” ‘tm—byta rae (4.20 
The first form is most rapidly convergent for small “a,” the second for large ‘“a.’’ 
It may be seen that the form (4.2a’) is derivable from the solution for an infinite 
medium by the method of images. The form (4.2a), on the other hand, follows 
directly if we attempt to represent the solution by a Fourier series. 


3. General Problem Without Multiplication 


Combining the results of the previous sections, we find the thermal neutron 

distribution from a fast neutron source of strength S: 
(2m — 1)*4760 
2 . 
e 4a (2m — 1)xz 
. - —— cos r 
4a? + (2m — 1)?r*L? 2a 
m=1 


p = 4aSr 


or alternatively 
8 60 cs z+2am /o 42 
4 Tz “he ia i . / 0 2 
EF Fol pm CF Se) 
4L 4 L 2 V/ 8 
m= x 
z+2am = 
te b {1—et (4% +5 tar) V) (aaa 
L v/ 6 
The current of thermal neutrons over the boundary may be written 
_ (2m— 1) 2x0 
; = 2138 (-1)=41 (2m — 1)me aut 
en ») Sti 4a? + (2m — 1)*x2L? 


m=1 
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4. Multiplication 


The thermal neutron distribution is 


(2n + 1)*r? 
’ . m 4a? 
Sr VY t - 2n + 1)rz 
p(2 . 8, Dis? cos . (4.4a 
Qa hed 9 2.2 oa 2a 
n=O} (2n + 1)*x _—e 4a? 
4a? 
or alternatively 
x 
Sr VY e*9 sinh a,(a — |z , 
Aint : eis : (4.4a’) 
2 £4 aplL? + (1 — a2?) 69} cosh a,a 
n= oa 


In the latter form, the quantities @, are the same as those defined in section 1.4, 
und may be obtained from formula (for ao) and graph (for the others) as outlined 
there. 


If k > 1, both solutions remain valid. Critical conditions are determined by 


k= (1 + —) phat” ° 
4a? 


This may be solved for the critical thickness 


rly 
24ci = 11 + nl(y,k — 1)f, 
Vk-1 
where 
‘ , y2(2 + y?) (k — 1) v*(36 + 287? + 7y*) (k — 1)? 
aty,k — =a 4 r (1 + 92)! 96 + 


5. SPHERICAL MEDIUM 
1. Thermal Neutrons 


For a point source of thermal neutrons of strength Q 


nt a-r 
Qr sinh L 
iain a r 


4rL? sinh L 


(5.1a) 
where a is the radius of the sphere. 


The current over the boundary is 


Q 
jJia) = 


a 
4raL sinh 
L 
The total number of thermal neutrons in the system is 
a 
A(a) = Qrjl—- — 
L sinh = 
. sinh = 
L 
For a shell source of strength Q at r = r’ 
.@6-Ff 
Grant ——-— P 
= ——————_- - sinh — (r <r’) 
? > ar L 
4xLr’ sinh > 


L 
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(Jr sinh L a 
—e- sinh —- 
inLr sinh 7 


and in this case the current over the surface is 


r’ 
Q sinh I 
i(a) = ae 


, 4 a 
4rar’ sinh = 


L 


For a spherically symmetrical source distribution g(r), it follows from equation 
(5.1b) that 


@=~—F Ft. y’ Jee 
p = —————_ j sinh ww ee sinh I q(r’)dr 
- a 4 4 
L sinh itl 


sink rf" ‘sinh S— ar'} (5 
+ sinh 5 , © sinh —— g(r’)dr 5.le 


2. Fast Neutrons 


The fast neutron density from a point source of fast neutrons is 


we » 
’ mtr? 
; S % ier ee 
X(6,r) = =~ m sin —— e 
2a*r Ly a 
m=1 
or alternatively 


S er . 


N(6,r) = (406)33 e 46 


ne 2 a?m? 
amr am . amr . 
1+2 ») (cosh a sinh r ye 6 (5.2a’ 
m=1 


If the number of neutrons in the system passing symbolic age 6 per unit time is 
designated Ag(a), we get 


a ‘ v _ mix? 
Ag(a) = i 4ar?*X(0,r)dr = 2S ) (—1)mte : 


a? 
—~ 
m=1 


mas — (2n — 1)*a? 
2 
Agfa) = S41 — 7 ‘ € 40 
Vv heed 


n=1 


The remainder, S — Ag (a), is the number which escapes over the surface at 
symbolic age @. 


3. General Problem 


The density of thermal neutrons arising from a fast neutron point source of 
strength S is 


mtx? 
Sr 7 a 9 | mar - 

p= 5, at. uaa — = (5.3a) 
2r Ly at? + m*x*L a 

m=1 
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or 


60 
< r+2am 
ara re? E L {1 2 ert (¥ % r+ soy 


8xrL?r _— 2~ 66 


r+2am Vo , + Sem 
a as 7 C al 
-¢@ * {1 _ ert ( — + ")} | (5.3a’) 
L 2V % 


The total number of thermal neutrons escaping from the system per unit time 
is given by either 


m*r 
. (-—1)™+! 12 mn 
¢ 
tra*j(a) = 2SL? S “ e 7 
— m*nr 
wel 1 +-— 21 
a 
or 
—Gmtde yr 
tratj(a) = a) | « L {1 — erf & Oo = (2m + vey} 
bi L 
nae 2 Vv 6 
(2m+l)a = (2m + 1)*a? 
/ . 9 9S | ‘ 
te * {1 — ert (¥ 2 + —= + =} | _ 28a \ ; 440 
. 2 V % V 6 Pret 


The total number of thermal neutrons in the system is 


mn 
——§@ 
e a* 


4 
A = 2Sra? \ (—1)™*! 
a? + m*r*]? 


m=1 
or 
- (2n+1)a 
N ‘O (2n + l)a 
er ere De ee ad Fen ee) 
-7' we 2vV 0 
(2n+1)a 
L 


+e 





—— (%* + (2n =") } 
L 20 % 


Graph (5.3a) shows plots of A(a,y) with the usual conventions: Sr = 1, the 
unit of length is the migration length, y = L./L. The fact that Sr = 1 implies 
that the graph gives the proportion of thermal neutrons in the system to that in 
an infinite system with the same source. 

The plot for y = « gives the number of fast neutrons in the system. 

Graph (5.3b) gives the flux of thermal neutrons over the boundary of the 
system. 

Graphs (5.3c-e) give the density of thermal neutrons for a = 1, 2 and 3 migra- 
tion lengths, respectively. 

Graphs (5.3f-h) give r*p (where 4xr*%p is the number of neutrons at a given 
distance from the source) for a = 1, 2, and 3 respectively. 

Graphs (5.3i-m) give plots of r*p as functions of r for various values of a, 
corresponding to y = 0, 14, 1, 2, and &, respectively. 
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Graph 5.3d—-Spherical medium, point source at center 
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Graph 5.3e—Spherical medium, point source at center 
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Graph 5.3f— Spherical medium, point source at center 


Plot of r’p(r) 

Normalization: St = 1 

Unit of Length = Migration Length 

Radius of Sphere: a = 1 

y= V60/L =0, 6 

A = Total number of thermal neutrons in system 
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Graph 5.3g—-Spherical medium, point source at center 
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Graph 5.3h—Spherical medium, point source at center 
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Graph 5.3i—Spherical medium, point source at center 


Normalization: Sr = 1 

Unit of Length = Migration Length 

Radii of Spheres: a = 1, 2, 3, 4, 5, x 

y = V6/L =0 

A = Total number oi thermal neutrons in system 
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Graph 5.3j—-Spherical medium, point source at center 


Plot of rp for Spheres of Various Radii 
Normalization: Str = 1 

Unit of Length = Migration Length 
Radii of Spheres: a = 1, 2, 3, 4, 5, ~ 
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Graph 5.3k—-Spherical medium, point source at center 


Plot of r?p for Spheres of Various Radii 
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Graph 5.31—-Spherical medium, point source at center 
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Graph 5.3m— Spherical medium, point source at center 


Plot of r?p for Spheres of Various Radii 

Normalization: Sr =1 

Unit of Length = Migration Length 

Radii of Spheres: a = 1, 2, 3, 4, 5, « 
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Graph 5.4a—-Sphere, no source 
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In the case of a shell source of strength at r = 
« ms! 
Sra ' e a? _ mer’ | marr — 
a ———— sin sin (5.3b 
2nrr a + m*r?L? a a 
m= 


r’ the two forms of solution are 


p 


3 ned r—r’'—2ma - 
on \ ans {, — erf (* = 
l6arr’L 


_4 L 


x 


t= coms v/ 6 lp —p’ 
+ ¢ . 1 — erf I - 
r+r’—2ma 


“ {, ~ ert (¥% - ths. 
L 


8. | 
jw 
—s 


4. Multiplication 
The density of thermal neutrons is given by 
lg? 
~ 

a tin - . 
nin? nis? SIN (5.4a) 
al L? — ke a? * :. 
a’ 


e2*% sinh a,(a — r) (5.40" 
= - - - 5.4a’) 
4er 4, [L?2 + (1 — e@,*L?)6o] sinh a,a 


iri=— @ 


p 


where the a@,’s are as defined in (1.4) and (4.4). Critical conditions are given by 
i 
nL? a* 
k= (1 a )e 
a 
or, expressed as a condition for the critical radius 
be 
Gerit = ———— {1 + a(7,k — 1} 
Vk —1 
where n(y,k — 1) is as defined in (4.4). 


Graph (5.4a) shows a plot-of p and r’p in a sphere of critical dimensions with 
no source. 





The foregoing paper, together with Part II to be published next month, constitutes a 
summary of the main results of the Canadian National Research Council Report 1480 
by P. R. Wallace and J. LeCaine, somewhat rearranged for easier reference. This 
condensation was prepared by P. R. Wallace. The complete report is available for $1 
from the Plans and Publications Branch, National Research Council, Ottawa, Canada. 
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BETA- and GAMMA-RAY SPECTROSCOPY—II 


Discussed in this second of two papers is the Fermi diagram 
which directly compares measured and theoretical energy 
distributions and allows precise determination of maximum 


beta-ray energy and resolution of complex spectra. 


Use of 


the spectrometer to find gamma-ray energies and intensi- 
ties by internal and external conversion is also described 


By GERALD J. HINE 


Department of Physics, Sloan-Kettering Institute for Cancer Research 
New York, New York 


WITHOUT GIVING the complete picture, 
some of the fundamental aspects of 
Fermi’s theory of allowed beta-ray tran- 
sitions were outlined in Part I of this 
paper.* The beta-ray 
energy spectrum of some isotopes, deter- 


experimental 


mined by different investigators, will 
be compared with the results of Fermi’s 
theory in the following paragraphs. 


The Kurie Plot or Fermi Diagram 
A simple method, introduced by 
Kurie et al. (1), offers the possibility of 
comparing both the observed and the 
calculated beta-ray energy distribution. 
This comparison has the advantage of 
being independent of the knowledge of 
the upper limit of the beta-ray spectrum. 

For an allowed transition of an iso- 
tope with the atomic number Z, the 
emission probability of a beta particle 
per unit time, with an energy in the 
interval € to € + de, is given by Fermi 
as (compare Eq. 16in Part I): 

P(e)de = const F(Z,e)en(€o — €)*de (1) 
The energy € and the maximum energy 
€o are in units of moc? and the momen- 
tum 7 = (e? — 1)” in units of moc. 
F(Z,e) isthe Fermi function. If the ob- 
served energy distribution N(e€) equals 


* Nuc.eonics 3, No. 6, 32 (1948). 
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the theoretical emission probability 


P(e), it follows from Eq. 1 that 


(. ie oe a 
enF (Z, 5) wi . 


Therefore a “ Kurie plot” is obtained 
by plotting the square root of the experi- 
mentally measured energy spectrum 
N(e) divided by the product of beta-ray 
energy €, momentum 7, and Fermi func- 
tion F(Z,e) versus the energy €. Thus 
the Kurie plot, also called Fermi dia- 
gram, is expected to be a straight line 
with a negative slope intercepting the 
energy axis ata valueé = €). A devia- 
tion from linearity would indicate an 
experimental beta-ray energy distribu- 
tion different from that calculated for 
an allowed Fermi transition. 

Most experimental results indicate a 
linear Fermi diagram, except for some 
deviation from the straight line occur- 
ring at low energies of the beta-ray 
spectrum (see Fig. 1) to be discussed 
later. A Fermi diagram is, therefore, 
not only a simple means of comparing 
the observed with the calculated energy 
distribution, but is also the most precise 
method for determining the upper limit 
€> of the beta-ray spectrum. The 
maximum beta-ray energy €o (kinetic 
plus rest energy) is obtained by a 
straight line extrapolation from a spec- 
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tral region of considerable intensity to 
of the 
vanishing 


neighborhood 


of 


the immediate 


ipper limit, a region 
intensity. 

With the magnetic beta-ray spec- 
trometer, the width of the registered 
momentum interval AHp increases in 
proportion to Hp, the magnetic field 
times the radius of curvature. Conse- 
quently, in order to correct for constant 
of the instrument, the 


original number of counts per unit time 


sensitivity 


and momentum interval AHp has to be 
divided by the corresponding Hp- 
values. The resulting N(Hp)-values 
plotted as a function of Hp, give the 
momentum distribution curve of the 
beta particles. 


By plotting 


( N(n) )" 
n°F (Z,«€) 


versus VY 1 + 7? =e, the same Fermi 
above will 
N(n) is the same momentum 
distribution as N(Hp), except that the 
momentum of the beta particles is given 


(3) 


diagram discussed be 


obtained. 


as 


in relativistic units of myc (Part I). 

the energy 
N(e) is obtained from the 
momentum spectrum N(n) by multi- 


Finally experimental 


distribution 


Gita 











moc? 
FIG.1. Fermi diagram for P** 
[Siegbahn (.4)] 





plying the N(y)-values by €/n. Since 
n? = e? — 1 and therefore ndyn = ede, it 
follows that N(n)dn = €/nN (nde 


N(e)de. 


Allowed Simple Beta-ray Spectra 
Only allowed be 
expected to show an energy distribution 


transitions can 
of the emitted beta particles in accord- 
with the 
probability expressed in Eq. 1. 


emission 
Fur- 
has to be a 
beta-ray 


ance theoretical 
thermore, the transition 


simple one, 1.€., only one 

not a 
This 
certainly the case if the isotope emits no 
gamma rays, or if the emitted gamma 


radiation follows each beta particle 


spectrum should be _ present 


number of partial spectra. is 
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FIG. 2. 


Disintegration schemes 


a) Single beta transition 
b) Simple beta decay followed by one gamma ray 
c) Complex beta decay (three partial spectra) 


NUCLEONICS - February, 1949 








(Fig. 2a and 2b). In the latter case, 
the number of beta-gamma coincidences 
has to be independent of the energy of 
the beta rays; otherwise two or more 
partial spectra would be indicated 
(Fig. 2c). 

In Table 1, those allowed simple beta- 
ray spectra are listed which have been 
recently investigated. Some isotopes 
are electron emitters, the others are 
positron emitters, as indicated in the 
column, but none of these 
isotopes emit nuclear gamma rays. 
The half-lives and the maximum beta- 
ray energies of the isotopes are given 
together with those energies where the 
Kurie plot of the present measurements 
shows a distinct deviation from linear- 
ity. For all energies greater than the 
indicated ones, the Kurie plots of all 
beta-ray spectra are perfectly straight 
lines; at lower energies, all measure- 
ments show an excess of low-energy 
particles compared with the predictions 
of Fermi’s theory. 

Finally, the weight per cm? of the 
radioactive sources used for these 
investigations are given in the fifth 
column of Table 1. With the exception 
of the S*5> measurements, most source 
backings consist of a Zapon film of 
about 0.02 mg/cm*. The S** beta-ray 


second 


spectrum was investigated by Coo! 
Langer and Price (5) with a 0.5 mg/en 
Nylon backing and a 0.04 mg/en 
sample weight, a 0.03 mg/cm? Zapo: 
backing and a 0.14 mg/cm? samp) 
weight, and, finally, a 0.5 mg/em 
Nylon backing and a 0.17 mg/em: 
sample weight. The results with al! 
three sources show no significant 
difference; the deviation from th: 
straight line starts at about 80 key 
Albert and Wu (4) succeeded in pre- 
paring collodion films of only 3 ug/em?. 
Their backings are about ten times 
thinner than all those previously used 
Furthermore from a carrier-free S 
solution, they could prepare sources of 
about 1, 2 and 5 micrograms in addition 
to the backing film. Their total source 
weight is, therefore, about forty times 
smaller than that used by Cook, 
Langer and Price (5). Fig. 3 shows the 
results obtained with the three lightest 
sources ever used in beta-ray spec- 
troscopy. The Fermi diagrams of the 
1 and 2 yg/cm? source spectra are 
perfectly linear down to about 15 kev 
(curve A and B); that of the 5 ug/em? 
source, however, shows a remarkable 
deviation at 80 kev (curve C). 

The fact that a source as thin as 5 
ug/cm? causes such a large deviation 





TABLE 1 
Some Allowed Simple Beta-ray Spectra 


Maximum 
beta-ray 
energy 
Isotope Emitter (Mev) 


Half-life 
cu f 20 min 
N}3 10 min 
S35 88 days 
Cu®l 3.3 hr 
Cu 12.8 hr 
Cu" 12.8 hr 
In'4 72 sec 


0.97 
1.25 

0.166 
1.205 
0.657 
0.571 
1.98 


Deviation of 
the Kurie plot 
from straight 
line begins at 
(kev) 


Weight of radio- 
active source 
plus support 
(mg/em?) 


Refer- 


ence 


200 (2) 
150 (3) 

15 (4) 
500 (6) 
270 (7) 
190 (7) 
400 (8) 
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| Curve B-2pq/ cm? 

| Curve C—Syo/ cm? 
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.@) 50 
Energy in kev 
FIG. 3. Fermi diagram for S** with 


three sources of different sample weight 
[Albert and Wu (4)] 





from the linear Fermi plot of S* is a 
significant The 
weights used for the investigation of the 
other isotopes given in Table 1 along 
with S* are all more than ten times 
larger than 5 wg/em?. Therefore, it is 
possible that all discrepancies 


very one. source 


quite 
between the experimental results and 
the predictions of Fermi’s theory in the 
low-energy part of the beta-ray spectra 
in Table 1) result from experimental 
limitations.* This would indicate that 
Fermi’s theory of beta decay is adequate 
for the description of the mechanism of 
allowed transitions. 


Forbidden Simple Beta-ray Spectra 

The two electron emitters P*? and 
Rak are the isotopes with the most 
frequently investigated beta-ray spec- 


tra. Since neither one emits nuclear 

* Braden, Owen, Townsend, Cook and Shull 
[Phys. Rev. 74, 1539 (1948)] observed recently 
that sources which were supported on non-con- 
ducting backing-foils, such as Zapon, Nylon or 
Cellophane, can establish a considerable poten- 
tial difference between source and vacuum 
chamber. This effect might have strongly 
affected the results in the low-energy region of 
some of the beta-ray spectra listed in Table 1. 


NUCLEONICS - February, 1949 


€ 


FIG. 4. Fermi diagram for RaE accord- 
ing to measurements of Flammersfeld (/2) 





gamma radiation, their spectra are 
certainly simple spectra. In addition, 
the long half-lives of 14.5 and 5.0 days 
and the high maximum energies of 1.71 
and 1.17 Mev are favorable for conven- 
ient and accurate measurements. 

The P*-electron spectrum was ob- 
served by Siegbahn (9) by means of a 
radioactive source, of ~0.1 mg total 
weight, mounted on a Zapon film 0.1 yu 
thick. The Fermi diagram is linear 
from the maximum energy down to 
about 0.1 Mev (Fig. 1). Two previous 
measurements by Siegbahn (10) and 
Lawson (1/1), with advanced 
techniques for preparing the filament, 
showed deviations from a straight-line 
Kurie plot below 0.5 Mev and 0.8 Mev, 
respectively. Therefore it might be 
possible that, under ‘‘ideal’’ conditions, 
the P*? Fermi diagram is also linear for 
its entire energy spectrum. 

The Rak beta-ray spectrum has been 
investigated under favorable conditions 
(see Part I) by Flammersfeld (12), 
Neary (13) and others; their results are 
in agreement within experimental limits. 
The RaE Kurie plot given in Fig. 4 is 
not linear for any portion of its length. 
The deviation of the RaE energy 
spectrum from the shape of an allowed 
Fermi distribution is furthermore illus- 
trated by the following fact. The 
average kinetic energy of the electrons 
follows from the experimental beta- 
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less 





ray spectrum as E,, = 330 + 10 kev. 
The 
calorimetric 


same value was 


obtained by 
(Part 1). 
However, an allowed Fermi spectrum of 


measurements 


an isotope of the same atomic number 
and maximum energy as RaE would 
have an average energy of about 430 
kev (14). 

From the maximum 
energies of the P*®? and Rak beta-ray 
spectra, it follows that both transitions 


half-lives and 


must be regarded as highly forbidden 
(15). The diagrams of 
Fig. 1 and Fig. 4 indicate that the shape 
of the Rak electron spectrum deviates 
markedly 


ones Fermi 


from that of an allowed 
Fermi distribution but that the opposite 
is true of the P* The 


reasons for this behavior are connected 


spectrum. 


with several unsettled questions such as 
the different types of selection rules and 
interaction between 
the heavy particles in the nucleus and 


various forms of 


the electron-neutrino field. 


Complex Beta-ray Spectra 

Fermi’s theory has also proved very 
useful for those isotopes which emit not 
a simple but a complex beta-ray spec- 
trum consisting of two or more partial 
spectra with different maximum ener- 
gies (Fig. 2c). Assuming that each 
partial spectrum has the shape of an 
allowed simple Fermi spectrum, the 
Fermi diagram permits the resolution of 
the measured complex spectrum into 
The relative 
gamma-ray lines, 
which follow the different partial spec- 
tra, must be with the 
disintegration probabilities of the com- 
peting transitions. The number of 
radioisotopes with complex disintegra- 
tion schemes is very large. In most 
cases their investigation is extremely 
difficult and the disintegration scheme 
of only about a dozen isotopes with a 
complex beta-ray spectrum has been 
well established so far. 

Zn® with a half-life of 38.3 min is 
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simple partial spectra. 
intensities of the 


coordinated 


definitely an allowed transition (15 
As an example of a complex spectrum 
part of the investigation of its dis- 
integration will be discussed 
For this isotope 93% of the 
decay is by positron emission and 7 % 
by A-capture (1/6). The transition of 
Zn** to Cu® is accompanied by the 
emission of essentially two nuclear 
gamma rays of 1.89 and 0.96 Mev 
The absorption of a positron in matter 
radiation con- 
sisting of two 0.511-Mev gamma rays. 
The ratio of the 
different Zn®** gamma rays has been 
determined (16) as: 


scheme 


here. 


results in annihilation 


intensities of the 


: 1 ¢y1.89 Mev) 
= 100:4.5:2 (4) 


(70.51 Mev): 1(y0.96 Mev 


The Zn®* positron spectrum is given 
in Fig. 5. It was investigated with a 
semicircular spectrograph of p = 10 cm 
and a counter window of 0.3 uw Zapon 
film. The complexity of the total 
positron spectrum (solid curve) is not 
immediately indicated by its shape. 
The corresponding Fermi diagram is 
linear for energies greater than 1.4 Mev 
(Fig.6,curve 1). The upper limit of the 
positron spectrum, determined directly 
from the measurements of Fig. 5, has 
the same value of E,; = 2.36 Mev, which 
follows from the straight line extra- 
polation of the Fermi diagram (Fig. 6). 

The following is the detailed proce- 
dure for the resolution of the complex 
spectrum into partial spectra. Since 
the Fermi diagram starts to deviate 
from a straight line at about 1.4 Mev, it 
is reasonable to suppose that the weak 
0.96 Mev gamma radiation is connected 
with the emission of a second partial 
spectrum. A more accurate value for 
its upper limit follows from the energy 
difference between the maximum energy 
of the first transition and the energy of 
the gamma ray: FE, = (2.36 — 0.96) = 
1.40 Mev. The agreement of both 
values suggests a Fermi distribution for 
partial spectrum 1 also at energies 
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FIG. 5. Positron spectrum of Zn**. 


4000 
He Couss-cm 


6000 8000 


Resolution into three partial spectra indicated by 


the broken lines (/¢) 


than 1.4 Mev. 
spectrum 1 


lower The complete 


partial follows from a 
straight-line extrapolation into the low- 
energy region. 

The Fermi diagram of the remaining 
positrons is given in Fig. 6, curve 2. In 
again 
linear, indicating also an extrapolated 
upper energy EF, = 1.40 Mev. Finally, 
if the 1.89-Mev radiation is 
connected with a third partial spectrum, 
its maximum energy will be: E; = 

2.36 — 1.89) = 0.47 Mev. In that 
energy range, the Fermi diagram of the 
second partial spectrum shows a devia- 
tion from linearity. 
trons will be assigned to the third 


the high-energy region it is 


gamma 


The excess posi- 


partial spectrum, again by a straight- 
line extrapolation into the low-energy 
region of curve 2 of Fig. 6. The Fermi 
diagram of the third partial spectrum 
curve 3 of Fig. 6, is hardly significant. 
A small deviation of the first two, more 
partial spectra, from their 
extrapolated shape will strongly influ- 
Fur- 


intense 


ence the shape of the last one. 


NUCLEONICS - February, 1949 


back- 


scattering of the positrons in the source 


thermore, the absorption and 
will reflect mostly on the intensity of 
the least energetic partial spectrum. 

In Fig. 5 the three partial spectra are 
indicated along with the measured com- 
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=192 
gheccalieen 
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FIG.6. Fermi diagram for the total Zn*- 
positron spectrum and the three partial 
spectra (/6) 
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plex positron spectrum (solid curve). 
Their follow as: 


Tay: Tay: lp, 


Fe 


intensities 


= 100:10:5 (5) 


relative 


Neglectirg the possibility that the two 
nuclear gamma rays might follow not 
only positron emission but also K- 
capture (1/6), this ratio of the intensities 
of the partial spectra can be compared 
directly with that of the gamma rays. 
Remembering that the annihilation 
consists of two 0.511-Mev 
quanta per positron, both ratios (Eqs. 
4 and 5), each determined by an inde- 


radiation 


pendent method, are in good agree- 
ment. The disintegration of Zn* by 
positron emission therefore follows the 


scheme indicated in Fig. 2c. 


Line Spectra by Internal Conversion 
of Gamma Rays 

The magnetic beta-ray spectrometers 
used for the investigation of the con- 
tinuous beta-ray spectrum are also the 
most suitable instruments for deter- 
ming gamma-ray energies and intensi- 
ties. Absorption measurements of 
gamma or of the secondary 
electrons produced by the 
radiation, are simpler in many cases, 
but the accuracy of their results cannot 
be compared with those of the spec- 
trometer measurements. Therefore, 
only the latter will be considered here. 


rays, 
gamma 


In his recent paper on interaction of 
isotopic radiation with matter, Flu- 
harty (17) summarized the different 


processes by which a gamma ray can be 


converted into an electron by losing all 
or part of its total 
emission of an orbital electron instead 
of a gamma ray, a phenomenon 
caused by an internal photoelectric 
effect in the atomic shell, is called 
internal conversion. The energy of the 
emitted electron differs from that of the 
converted gamma ray by the binding 
energy of the electron in the atomic 
shell from which it is ejected. There- 
fore, the difference of the 
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energy. The 


energy 


electron lines resulting from the con- 
version of the same gamma rays, ¢.g., in 
the K- and L-shell of an atom, is equal 
to the difference in binding energy of the 
orbital electrons in the corresponding 
shell of this element. With the preci- 
sion now available in beta-ray spec- 
troscopy, the differences of the K-L, or 
L-M conversion lines can be obtained 
with sufficient accuracy to identify the 
atomic number of the radiating isotope. 
By this method it has been proved that 
the gamma rays are not emitted by the 
initial radioactive isotope but by the 
newly formed element after the first 
one has disintegrated by the emis- 
absorption (K-capture) of 
a charged particle (a-particle, electron 
or positron), 

From the internal conversion of the 
same gamma ray, the intensity of the 
K-line is in general much greater than 
that of the L, M and N-lines. The 
probability for the internal photo- 
electric conversion of a gamma ray in a 
particular atomic shell depends on the 
energy and the character of the gamma 
ray and also on the atomic number of 
the emitting isotope. Further details, 
which are mostly of theoretical interest, 
will not be discussed. From the large 
number of investigated conversion 
lines, those of two indium isotopes (8) 
will be presented here (Fig. 7) as an 
extremely interesting and instructive 
example. 

In' with a half-life of 50 days is 
isomeric with In'* of a half-life of 72 
sec. The first one transforms into the 
second by the emission of a 192-kev 
gamma ray; the short-life In! dis- 
integrates by beta decay directly to the 
ground state of Sn''*. Therefore the 
gamma radiation emitted by In!" is due 
only to the isomeric transition. 

In their investigation, Lawson and 
Cork (8) determined the conversion 
coefficient for the 192-kev gamma ray 
by comparing the number of internal 
conversion electrons with the number of 


February, 1949 - NUCLEONICS 


sion or 


intensity 





uw 
— 


nm 





| 


Ki73* 146.1 kev 





| 
Koq7*220.0 kev 





a 


























K i99* 1638 kev 
| 





L, =|678 kev 








M247 =246 kev, 


‘ 
‘ 
' 


| boq7*2425 kev 




















| | | 
Mig2*!91.2 kev ! 
a LA 1a 





1450 1550 


1350 


FIG. 7. 
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Conversion electron spectrum of two indium isotopes showing K-, L-, and MV - 


conversion electrons of three gamma rays of energies 173 kev, 192 kev and 247 kev 
respectively [Lawson and Cork (8)] 


decay electrons emitted in the subse- 
quent beta transition. The integration 
of both the In'"‘ beta-ray spectrum and 
the conversion electron-lines obtained 
with the magnetic beta-ray  spec- 
trometer gave about the same value. 
Therefore, the total conversion coeffi- 
cient of the 50-day half-life gamma ray 
turned out to be 105 + 15%. This 
observation is in agreement with the 
fact that very little external gamma 
radiation is present; nearly all gamma 
rays are internally converted to con- 
version electrons. 

Since the In'™ gamma ray does not 
follow a beta transition, but is due to an 
isomeric transition, the gamma ray will 
convert in the atomic shell of indium 
itself instead of in a_ neighboring 
element. This is in agreement with 
results given in Fig. 7. The binding 
energy of the K-electron of indium 
idded to the measured value of 164 kev 
ind the binding energy of the L- 
‘lectron added to 188 kev both give the 
zamma energy as 191.7 + 1 kev. 

If the In'* isotope is obtained by 
»ombarding the neighboring element 


‘admium with deuterons, a_ great 
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many other radioactive indium isotopes 
are produced since cadmium has eight 
stable isotopes. In addition to 50-day 
In''4, a half-life of 2.7 days is observed, 
after the shorter periods have decayed. 
This half-life, originally assigned to 
In''?, was recently proved to belong to 
In!!! (18). 

In!!! decays by A-capture followed by 
two gamma in cascade, with 
energies of 173 and 247 kev. The K-, 
_-,and M-conversion lines of these two 
gamma rays have been measured along 
with those of the In''* 192-kev gamma 
ray (Fig. 7). In order to find out the 
half-lives to which the different gamma 
rays belong, Lawson and Cork (8) 
determined intensities of the various 
internal conversion lines of Fig. 7 with 
the same sample at different times over 
a period of several weeks. The 164 
and 188-kev electron lines decay slowly 
(half-life 50 days), while the others 
show a half-life of 2.7 days. 

Finally, In''' disintegrates by K- 
capture to Cd'"'. The two gamma rays 
following K-capture can, therefore, 
convert only in the atom shell of 
cadmium and not in that of indium. 
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rays 














FIG. 8. 
gamma rays of Na’**. 


In agreement with this, the A-L-M- 
differences of both 2.7-day conversion 
lines are found to be characteristic of 
cadmium. From the energies of the 
different electron lines in Fig. 7, and the 
known binding energies of the electrons 
in the different cadmium shells, one 
obtains the energies of the two In'! 
gamma rays as 172.8 +1 kev and 
246.7 + 1 kev. 


Secondary Electrons by 
External Conversion of Gamma Rays 


Investigation of gamma-ray energies 
with the magnetic spectrometer is not 
restricted to internal conversion lines. 
As a matter of fact, for light and 
medium elements, the conversion coeffi- 
cient of most gamma rays is so small 
that the detection of internal conversion 
lines is Therefore, two 


very rare. 


methods will be described here for 
determing energies and intensities of 
gamma rays even in the absence of any 
internal photoelectric effect. 

Secondary electrons are produced by 
gamma rays passing through matter 
by external photoelectric 


effect, or pair production 


process, 
Compton 
(17). The last process will not be 
considered here, since an appreciable 
number of electron-positron pairs can 
be produced only by the most energetic 
gamma rays in materials of high atomic 
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6000 


Distribution of Compton electrons expelled from a copper radiator by the two 
The curve is in the undivided form [Siegbahn (9)] 


medium 
atomic number such as copper, almost 
all secondary electrons are produced 


number. In an element of 


by the Compton effect; only for gamma 
rays with energies smaller than about 
0.5 Mev does the photoelectric effect in 
copper make a small contribution to the 
secondary radiation. In lead, however, 
photoelectrons are produced by gamma 
rays up to several Mev energy (1? 

But even for lead the photoelectric 
absorption coefficient for gamma rays 
with energies greater than about one 
Mev is than the Compton 
absorption coefficient. Below one Mey 


smaller 


the probability for production of a 
photoelectron increases rapidly; 0.5- 
Mev gamma rays produce three times 
more photoelectrons in lead than 
Compton electrons. 

To investigate the secondary electron 
Siegbahn (9) pressed the 
sample into a small copper 
cylinder, the walls of which were thick 


enough to absorb the continuous beta- 
£ 


spectrum, 
active 


ray spectrum of the decay electrons. 
Figure 8 shows the distribution of the 
from the copper 
radiator produced by the two well- 
known gamma rays of Na*. This 
isotope decays by electron emission 
followed by two gamma rays in cascade, 
with energies of 1.38 and 2.76 Mev. In 
Fig. 8, the ordinate is the number of 
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Compton electrons 





Ey = 1.380 Mev 
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er 2.758 Mev 








5000 7000 
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Secondary electron spectrum expelled from a copper radiator covered with a 
0.02 mm lead-foil by the two gamma rays of Na** 


impulses P counted per unit timeandis ray separately. The broken line in 


not, as is more usual, the intensities Fig. 8 indicates this extrapolation. By 


over constant Hp intervals. In order 
to correct for constant sensitivity, the 
number of counts P have not been 
divided by the corresponding Hp value. 

By this method, gamma-ray energies 
ind intensities can be determined with 
moderate The inflection 
edges of the undivided 
Compton electron distribution (indi- 
cated by the two arrows in Fig. 8) 
correspond to the maximum energies of 
the Compton electrons (19). For a 
gamma ray with energy hv in Mev, the 
maximum electron energy 


accuracy. 


points at the 


Compton 
FE. in Mev is given by 
‘ hv 
E,. = 051 (6) 
Qhy 
From this expression the gamma-ray 
energy hv is obtained if EF, is the energy 
of the inflection point 


eB (it yi) a 


The Compton electrons registered with 
energies larger than E, are due to 
the finite resolving power of the 
spectrometer. 

The energy 
Compton 


distribution of the 
electrons, plotted in the 
undivided form, can easily be extra- 
polated to zero energy for each gamma 
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this procedure the Compton distribu- 
tion for each gamma ray can now be 
plotted separately in the usual form, ¢.e., 
corrected for constant sensitivity of the 
The area of the Comp- 
ton distribution for each gamma ray can 
be determined by graphical integration. 
Since both the Compton coefficient and 
the absorption of the secondary elec- 
trons vary with the energy of the 
gamma radiation, the areas of the 
Compton distributions are not directly 
proportional to the gamma-ray in- 
tensities. They must be multiplied by 
a factor for the efficiency of the radiator, 
depending on the energy of the gamma 
rays. Siegbahn (1/9) gives such an 
efficiency curve for a copper radiator, 
based on experimental values, from 
isotopes emitting gamma rays of 
different energies with known relative 
intensities. 

The method described above has 
proved to be very useful for investi- 
gating gamma-ray energies and in- 
tensities, without being a precision tool. 
By using the photoelectric process 
instead of the Compton effect, the 
gamma-ray energies (of not too high 
energetic gamma rays) can be deter- 
mined with the same high accuracy 
obtained by measurements of internal 
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spectrometer. 








conversion electrons. Both photoelec- 
tric effects give well-defined lines; the 
gamma ray converts into an electron in 
the atomic shell of either the dis- 
integrated nucleus (internal conversion) 
or a nucleus of the absorber foil (exter- 
nal photoelectric effect). 

Since the efficiency for the production 
of photoelectrons increases with in- 
creasing atomic number of the absorber, 
thin lead foils are mostly used for 
measurements of photoelectron lines. 
Figure 9 shows secondary electrons ex- 
pelled by the Na** gamma rays from a 
copper radiator covered with a 0.02-mm 
lead foil (9). Experimental values have 
been corrected here for constant sensitiv- 
ity of the spectrometer. Distribution 
of the Compton electrons is essentially 
the same as from the copper radiator 
without the lead foil. But in addition 
to the Compton electrons, two well- 
marked photoelectron lines are visible 
in Fig. 9. The energy of the gamma 
rays is obtained from the energy of the 
photoelectrons by adding the binding 
energy of the K-shell electrons in lead, 
which is 88 kev. 

For high-energy gamma rays, it is 
often difficult to distinguish between the 
contribution of the photoelectric proc- 
ess and the Compton effect. First, 
even in lead the efficiency of the produc- 





tion of photoelectrons by high-energ 
gamma rays is very small. Second! 
the energy difference between th 
photoelectrons and maximum energy 0! 
the Compton electrons decreases wit! 
increasing gamma-ray energy. Ther 
fore, in some cases the gamma-ra\ 
energy can be determined more accu- 
rately by using Compton effect alon 
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WHat CAN THE SCIENTIST DO (in the field of human affairs) ? 
Each must act according to his judgment, as he would in hisown 
field, listening to all sides, attempting to evaluate and criticize 
such evidence as is presented, oppusing authoritarian dogma as 
he would in science. He must be humble, recognizing the limi- 
tations of his own knowledge and that of others. He must be 


restrained and infinitely patient 


He must think imaginatively 


but not emotionally. He must be willing to alter his ideas to 
meet changing conditions. All these processes are part of his 
training and have proved themselves as powerful tools. 

—H. D. Smyth, American Scientist, p. 500, Oct., 1947 
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COUNTING RATE METERS versus SCALERS 


Comparison of the advantages and disadvantages of two 
general types of instruments widely used to determine 
counting rates of pulses produced by radiation detectors 


By ARTHUR G. BOUSQUET 


General Radio Company, Cambridge, Massachusetts 


NUMEROUS MEANS of detecting radio- 
uctivity are now in use—Geiger tube, 
onization chamber, scintillation coun- 
ter, etc. Whatever the method the 
result is the same: electrical pulses are 
ultimately produced after the radiation 
impinges upon the particular detector 
employed. 

It is the function of the accessory 
equipment to translate the electrical 
impulses into useful data, to indicate 
the rate at which the electrical impulses 
occur, with the counting rate usually 
being expressed in terms of counts per 
minute. 























FIG. 1. Higinbotham  scale-of-two 


circuit 
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The simplest counting-rate indicator 
is a loudspeaker, or a headphone, 
coupled to the Geiger tube through an 
amplifier. Such an aural system is 
quite useful for conveying an approxi- 
mate idea of the counting rate. The 
accuracy obtainable with such a simple 
arrangement depends almost entirely on 
the “calibration” of the hearer’s ear. 

Various schemes have been devised 
to provide a more reliable means for 
determining the counting rate. The 
two most important methods are the 
counting-rate meter and the scaling 
circuit system. Both have many ad- 
vantages. Asso often happens, neither 
method supplies the ideal solution for 
all applications. 


Scaling Circuits 


The simplest scaling circuit is the 
scale-of-2 trigger circuit (1). A typical 
basic design is the Higinbotham (2) 
scaling circuit shown in Fig. 1. The 
scaler circuit arrangement allows two 
stable operating conditions. For every 
second pulse at the input terminals, the 
scale-of-2 delivers a single pulse at its 
output. Several scale-of-2 circuits in 
tandem provide net scaling factors of 
4-8-16-32-64, etc. Other designs, 
utilizing “ring scalers’’ (3) or modified 
scale-of-16 (4) yield decimal 
scaling ratios (10-100—-1000). What- 
ever the method used, the purpose is to 
provide an impulse counting method 
which will not jam or skip counts at 
high counting rates. 


scalers 
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The scaling-circuit system is usually 
preceded by a pulse-shaping circuit and 
is followed by an amplifier to drive the 
mechanical count-registering device. 

A complete scaling-circuit system 
consists either of: 

a. the pulse-counting device and a 

time-measuring device, or 

. a circuit which counts the pulses 
over a predetermined period of 
time, or 
an electronically controlled method 
for measuring the time required to 
count a predetermined number of 
pulses (4). 

A well-designed scaling system is 
capable of yielding high accuracy. The 
random nature of disintegrations, how- 
ever, introduces an apparent error. If 
the counting rate of a radioactive sam- 
ple is measured several consecutive 
times over equal periods of time, the 
several results will not agree. They 
cannot agree because the rate really is 
different over different counting periods. 
For a given rate, the longer the counting 
periods are, the less will be the dis- 
crepancies in any intercomparison. 
The probable magnitude of the dis- 
crepancies between the several measure- 
ments can be determined from the 
number of pulses counted during any 
one of the measurements. This prob- 
ability has been expressed variously as 
the ‘‘average deviation,” the ‘‘standard 
deviation” or the “probable error” 
(6). The average deviation is 1.183 
times the probable error, and the stand- 
ard deviation is 1.483 times the prob- 
able error. Any one of the three 
expressions can serve equally well as an 
index of the precision of any one meas- 
urement. The percent probable error 
in a measurement of the counting rate 
N of radioactive disintegration by the 
scaling method is 


67.45 
V/NT 
where 7 is the counting time. 


%P.E. = (1) 


The 


dashed curve of Fig. 9 is a plot of th: 
counting time required to obtain a given 
probable error at various counting 
rates with a scaling circuit. 

The quantitative significance of the 
term ‘percent probable error” is as 
follows: if the counting rate is measured 
several times, each time over equal 
time periods, half of the measurements 
will yield results which agree to within 
the calculated probable error, and half 
of the measurements will yield results 
which are in excess of the calculated 
probable error. 


Sources of Error 


As with all equipment of this nature, 
there are more tangible errors that must 
be corrected, minimized, or at least 
recognized. Sources of error include 
high resolving time as evidenced by the 
inability of the equipment to respond 
to pulses at high rates. The resolving 
time of the Geiger tube is usually much 
greater than the resolving time of the 
rest of the equipment. 

A source of error which the recording 
rate meter would show up immediately 
is an inadvertent shift in the geometry 
or positioning of the radioactive sample 
with respect to the counter tube. 

Similarly, a change in the Geiger tube 
characteristic is immediately evident 
on a recording. In spite of improve- 
ments in Geiger tube design, this type of 
error must always be guarded against 
(7). 

A serious disadvantage of the scaling- 
circuit system is the existence of the 
“blind spot’ during the counting 
period. The apparent counting rate 
may change because of reasons outlined 
above, but the equipment cannot be 
awareofthechange. Thesimultaneous 
use of an aural monitor is of some help 
to indicate abrupt and large shifts in 
apparent rate, but of course the aural 
monitor cannot give an adequate signal 
when the changes are of the order oi 
2 or 5%. 
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The Rate Meter 


The recording type of counting-rate 
meter has a great advantage over the 
scaling method in that it has no blind 
spot. If the apparent rate deviates 
from the true rate, the recording will 
show it up. 

Similarly, of course, if, by the very 
nature of the experiment, the short- 
term average rate varies with time, the 
scaling circuit is not well adapted to 
measure the change in rate, but the 
counting-rate meter method can be used 
advantageously. Examples include 
medical applications where the tracer 
technique requires a method that is 
both monitoring and quantitative. 
Oil-well survey methods, spectrometer 
techniques, Geiger counter develop- 
ment, health monitoring, thickness 
measurements, most industrial nuclear 
applications—in short, any nuclear 
measurement where the rate is liable 
to change should be made by the rate- 
meter method. 

The major disadvantage of the rate 
meter is its accuracy limitation. For 
absolute measurements, its accuracy 
cannot be any greater than the full- 
scale accuracy of its indicating meter 
or of its recorder. As a consequence, 
the absolute accuracy at best is about 
1 or 2% of full scale, and the precision 
of comparison to a radioactive sample 
of approximately equal activity is 
limited to about 0.5% of full scale. 

In spite of this limitation, the count- 
ing-rate meter has a wide field of 
application, because it is not restricted 
to measuring unvarying rates. 

The counting-rate meter (8, 9, 10) is 
essentially a specialized frequency 
meter. It is specialized because the 
pulses applied to its input terminals 
arrive in a random fashion, and the 
pulse rate must somehow be averaged 
to indicate the rate in a useful manner 
on the panel meter or the recorder. It 
is specialized too because of the access- 
ory circuits which adapt it to its 
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FIG._2._ Two forms of frequency-meter 


peculiar application. Thus, before the 
pulses from the Geiger counter tube are 
applied to the frequency meter they 
must first be modified by a pulse-shap- 
ing circuit to obtain pulses that are all 
identical in shape and magnitude. 

Two typical frequency meter circuits 
are shown schematically in Fig. 2. In 
the method of Fig. 2a, an incoming 
positive pulse charges C-1 through one 
of the diodes. The capacitor then dis- 
charges through the other diode into 
the tank circuit (R-2,C-2). A vacuum- 
tube voltmeter across the tank circuit 
is calibrated in terms of the average 
counting rate. 

In the method of Fig. 2b, the tube is 
biased beyond cutoff. An incoming 
positive pulse at the grid of the tube 
causes a pulse of plate current to flow 
through the plate resistor R-2 of the 
tank circuit. The resultant voltage 
built up across the tank circuit is a 
function of the pulse rate. A vacuum- 
tube voltmeter across the tank circuit 
is calibrated in terms of the average 
rate. 

In both methods, most of the aver- 
aging of the random rate is accom- 
plished by introducing damping in a 
tank circuit (R-2, C-2). If no damping 
is introduced, the result is as shown on 
the erratic portion of the chart record- 
ing of Fig. 3b. The stylus of the re- 
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FIG. 3. Effect of RC time constant on 


fluctuations 


corder re sponds to each individual 
pulse. When C-2 has been increased 
to provide proper damping, the result 
is as shown at the smooth-line end of 
the chart in Fig. 3a. To show these 
data to better advantage, the chart was 
operated at the high speed of three 
inches per minute. 

A functional wiring diagram of the 
type 1500-A counting-rate meter is 
given in Fig. 4 and its mode of opera- 
tion is as follows: 

The pulses from the probe or from the 
external pulse generator are applied to 
the first amplifier which operates at 
zero bias; the input pulse must be of 
negative polarity. The amplifier is 


used to make sure that the equipment 
will respond to peak pulses as small a 
one volt. The time constants of th« 
amplifier are selected to insure that 
the resultant pulse, which it applies to 
the pulse-shaping circuit, is sharp and 
will not cause the pulse shaper to 
produce spurious pulses. 

The pulse-shaping circuit is of th 
“single shot’’ relaxation type. Re- 
generation allows it to generate its own 
single pulse each time a positive pulse 
is applied to the grid of its first tube. 
The single pulse it generates depends 
for its amplitude and general shape on 
its own circuit constants and in no way 
on the general shape of the applied 
pulse. As a consequence, it delivers 
to the frequency-metering circuits a 
series of pulses which depend on the 
Geiger counter pulses for their number 
and time distribution only. The criti- 
cal components of the pulse-shaping 
circuit are the coupling capacitors 
(C-8, C-9) and the grid resistor, R-11, 
of the output tube. 

The present design of the frequency- 
metering portion of the type 1500-A 
meter includes a significant improve- 
ment in so far as stability is concerned. 
Originally, the various ranges were 
obtained by changing the value of the 
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FIG. 4. 


Functional diagram of type 1500-A counting-rate meter 
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Improved frequency meter and 
vacuum-tube voltmeter 


FIG. 5. 


resistance in the tank circuit and by 
hanging the screen-grid voltage. As 
the line voltage was varied over a 20% 
range, on some ranges the indicated 
output changed as much as 9%. In 
the present design (Fig. 5) the screen- 
grid voltage is maintained at a constant 
value, and the ranges are selected by 
changing the value of the resistance in 
the tank circuit as before and by intro- 
ducing selected amounts of degenera- 
tion, Rp, in the cathode circuit. As 
a result, the change in calibration is 
nil for most ranges and is about 4% 
for the most sensitive (200 cpm) range, 
when the line voltage is changed over a 
20% range. 

The resistance values and the time 
constants chosen for the tank circuit 
are shown in the table below: 











Range Tank Circuit 
Counts per Resistance Time constant 
minute (megohms) (minutes) 
200 30 1 
600 30 1 
2,000 20 34 
6,000 20 28 
20,000 10 lg 





Capacitor C is wound with a poly- 
styrene dielectric to assure a low dielec- 
tric absorption; its capacitance is 2 uf 
for all ranges. 

The RC tank circuit is at high d-e 
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FIG. 6. Examples of recorder tracings 





De. W. 0. 


potential above ground. 
Tuttle devised an interesting method 
(11) for measuring the d-c potential 
appearing across the tank circuit in 
spite of its high constant potential. In 
Fig. 5, note that regulator tube V-14 
supplies both the plate tank circuit and 
bucking-zero circuit of the vacuum-tube 
voltmeter. the vacuum-tube 
voltmeter is of the fully degenerated 
type, any fluctuations in the regulator- 
tube voltage are degenerated down to a 
negligible value, and the vacuum-tube 
voltmeter is highly stable and linear. 
A 5-ma pen-and-ink recorder may be 
plugged directly in with the 
meter; the instrument resistance of the 
recorder may have any value within 
the range of the 700-ohm compensating 
rheostat (R-79). If a l-ma recorder is 
used, it may be shunted down to oper- 
ate as a Though the 
shunt will overdamp the recorder, this 
will cause no trouble because the circuit 
is already damped to from 20 to 60 
seconds by the RC tank circuit, so a 
parallel damping of 4 or 5 seconds in 
the recorder will have no noticeable 
effect on the results. 

Examples of recordings at various 
counting rates with a 5-ma Esterline 
Angus graphic recorder are shown on 
the charts of Fig. 6. The average 
counting rate is determined by esti- 
mating the average stylus position. 
To obtain a high precision in estimating 
the correct average rate from the chart, 
a line may be drawn through the 
recorded data in such a manner that the 
area enclosed above the line equals the 


1 


Since 


series 


5-ma device. 








we 






area enclosed below the line. As will be 

seen later, the probable error is reduced 
by increasing the recording time. At 
the high counting rates, the fluctuations 
about the average rate are quite small. 
The relatively large fluctuations at 
the low rates could be reduced by in- 
creasing the capacitance of the tank 
circuit, but the equilibrium time, as 
discussed in a following section, would 
be increased. 

The equalized pulses are also coupled 
to an aural monitor and to a pair of 
output terminals. The aural monitor 
consists of a power amplifier driving a 
small loudspeaker. The controllable 
volume from the speaker is sufficient 
for class-room demonstration purposes 
and for use as an alarm in monitoring 
service. The output terminals may 
be used to drive a scaling circuit if 
extreme accuracy in counting is desired. 
The equipment includes a carefully 
regulated high-voltage Geiger-counter 
anode supply, variable from 400 to 
2,000 volts. 

A major feature is pointed out here, 
since it could advantageously be in- 
corporated in other designs. The out- 
put circuit of the regulated supply 
includes a chain of 200-kilohm wire- 
wound resistors in series with a 200- 
kilohm wire-wound voltage-divider; a 
current of one milliampere flows in the 
series network. The total voltage out- 
put is adjusted by shorting out an 
appropriate number of fixed resistors 
and switching in compensating resistors 
ahead of the series regulator tube, thus 
providing 200-volt increments, so that 
varying the voltage-divider provides a 
continuous adjustment of 200 volts 
between steps. The panel milliam- 
meter may be switched in series with 
the chain of resistors. The voltage is 
always correctly indicated by the panel 
control settings as long as the meter 
indicates exactly one _ milliampere. 
Thus the accuracy of the system can 
be, for example, 2% of the actual value 
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over the entire 400 to 2,000-volt range 
rather than 2% of full scale as is the 
usual accuracy when a single-range 
voltmeter is connected to the output of 
the power supply. 

The calibration of the counting-rate 
meter can be checked at any time by 
setting a switch which connects pulses 
of power line frequency to the input. 
Any discrepancy can be quickly cor- 
rected by readjusting the vacuum-tube 
voltmeter sensitivity control. 


Statistical Effects 


When a calibration check is made, 
the absence of fluctuations is immedi- 
ately evident, whereas during normal 
operation, the randomness of the radio- 
active disintegration causes the meter 
reading to fluctuate about the aver- 
age value. The amount of fluctua- 
tion is a function of the counting rate 
and of the damping introduced in the 
tank circuit. 

Because of the random nature of 
radioactive disintegration, the results 
obtained with scaling circuits and with 
rate meters require a statistical inter- 
pretation. Since the amount of the 
indicated fluctuation can be controlled 
by introducing damping in the rate 
meter, special statistical methods are 
used for the rate meter. The deriva- 
tion of these methods has been thor- 
oughly covered elsewhere (10-12). The 
results are reviewed here for the sake of 
completeness. 

If, after the equipment has been 
operating long enough to have reached 
equilibrium conditions, a single meter- 
reading is taken, it may be the true 
average indication or it may just as 
likely be any indication which lies 
within the fluctuation range. Since 
the meter readings are due to a series of 
random events, the Poisson law of 
statistical distribution applies; when 
the average counting rate is 30 per 
minute or more, the normal law of 
statistics can also be used. As a 
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FIG. 7. 


result, it may be predicted that the 
maximum amount by which the meter 
reading can fluctuate about the average 
value is 

% fluetuation = os , (2) 

V NRC 

where .V is the average counting rate in 
counts per minute, and RC is the 
time constant of the tank circuit in 
minutes. Since a knowledge of the 
expected fluctuations can be useful in 
spotting spurious results due to multiple 
discharges in the Geiger counter or to 
any other cause, a plot of percent 
fluctuation as it applies to this particu- 
lar meter is given in Fig. 7. Since the 
drag of the stylus of a pen-and-ink 


Percent fluctuations due to random nature of disintegrations 


recorder will reduce the amount of 
fluctuation by about 78% (10), the 
data of Fig. 7 have been plotted to show 
fluctuations for both 
pen-and-ink 


the expected 
meter reading and a 
recording. 

In accordance with the normal law of 
distribution the percent probable error 
of a single observation is 

67.45 
/2NRC 
The data of Eq. 3 are shown in Fig. 8 
where the RC time constants have the 
values tabulated on page’ 71. A com- 
parison of the equation with Eq. 1 
emphasizes the memory feature of the 
RC tank circuit in the rate meter and 


% P.E'. = (3) 
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FIG. 9. Minimum counting time to obtain percent probable error indicated 


the significant distinction between the 
scaler method and the rate meter 
method. After the charge in the tank 
circuit of the rate meter has reached 
equilibrium, the rate meter indicates 
the counting rate at a glance and within 
a reasonably small probable error. 
The probable error may of course be 
reduced either by observing the meter 
for a given time or by obtaining a 
pen-and-ink recording and determining 
with high precision the average rate by 
drawing a straight line through the 
recording so that the enclosed area 
above the line equals the enclosed area 
below the line. The recording or 
observational time enters into a de- 
termination of this new probable error. 
The percent probable error in the aver- 
age rate N as obtained from data 
accumulated with a rate meter over a 
period of 7 minutes is 
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where, again, RC is the time constant 
of the tank circuit. 

The results obtained from Eq. 4 are 
presented graphically in Fig. 9 for the 
RC time constants and the counting- 
rate ranges that are used in the typ 
1500-A meter. 

As shown by Eq. 1, the probable 
error of the results obtained with a 
scaling circuit is a function of the aver- 
age pulse rate and the time required to 
gather the data. For comparison pur- 
poses, this result is plotted as a dashed 
line in Fig. 9. It is interesting to note 
that the recording time required of a 
counting-rate meter is always the same 
as or less than the counting time re- 
quired of a scaling circuit, if one con- 
siders only the two equations, 1 and 2. 
Obviously, the story is not complete 
because no mathematical juggling can 
reduce the time required to determine 
within a given probable error an aver- 
age rate from random information 
The reason for the discrepancy is that 
the derivation of Eq. 4 assumes that 
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described in text 


equilibrium conditions exist, that is, 
that the capacitor of the tank circuit 
in the counting-rate meter has pre- 
viously been charged to the value which 
corresponds to the true average count- 
In all fairness, the charging 
time must be included in any compari- 


ing rate 


son. This period of time is referred to 
as the equilibrium time, since it is the 
time required for the meter or recorder 
to reach a new equilibrium value when- 
ever the counting rate has been changed. 


Equilibrium Time 

The equilibrium time will depend on 
the time constant of the tank circuit 
and on the change in average counting 
rate. It will also depend to a large 
extent on the technique followed to 
obtain the new equilibrium value. 

The equilibrium time will usually be 
greatest when no special technique pre- 
cautions are taken and when the change 
is from zero rate to a given rate, N. 
Under these conditions, the equilibrium 
time is 


(5) 
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Data showing this maximum equilib- 
rium time are plotted in Fig. 10. 

When a sample is 
changed, the equilibrium time may 
easily be reduced to a matter of seconds. 


radioactive 


The technique consists in watching the 
direction of the needle on the panel 
meter or the recorder and quickly 
charging or discharging the capacitor 
of the tank circuit approximately the 
correct amount by manipulating the 
range switch, the calibration switch or 
a shunt push-button switch 

It is evident from the probable error 
and equilibrium time equations that 
the one can be improved by changing 
the RC time constant, but always at the 
The time con- 
values selected for the type 
1500-A meter represent what seemed to 


expense of the other. 
stant 


be the best compromise and in actual 
field practice have 
generally satisfactory. For special ap- 
plications, however, different time con- 
As an 
example, if the rate meter is being used 
to detect the passage of relatively fast- 
moving radioactive samples, the capac- 
itance of the tank circuit may be 
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proved to be 


stant values may be chosen. 









. 
2 


- 





reduced to obtain rapid response. The 
calibration will not be affected, and the 
equilibrium time will be reduced; but 
the probable error and the fluctuations 
will be increased. 

Applications where a change in rate 
must be detected and measured empha- 
size the distinction between the two 
major counting methods 

The sealing circuit performs but one 





function: it counts pulses, and _ it 
counts them well; the counting rat: 


may be determined from the results 

The rate meter indicates the rate 
directly at moderate accuracy; it also 
shows up variations in rate, and when 
used with a recorder it provides a 
permanent record. As a consequence 
the rate meter has a broader field of 
application. 
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ADVANCES IN ELEctTRONICs, edited by 
L. Marton (National Bureau of Stand- 
ards), Academic Press, New York, 1948, 
175 p., $9.00. 

The first of what promises to be an 
annual review of certain phases of 
physical electronics (charged particle 
phenomena) and engineering electronics 
(applications of devices employing the 
charged particles). 

Of nine divisions, each edited by an 
expert, two are of particular interest to 
readers of NucLeonics. These are the 


76 


section on Mass Spectroscopy by Mark 
G. Inghram, Argonne National Labora- 
tory, and the section covering Particl: 
Accelerators by M. Stanley Livingston, 
Massachusetts Institute of Technology. 

The other sections are devoted to 
Oxide Coated Cathodes, Secondary Elec- 
tron Emission, Television Pickup Tubes 
and the Problems of Vision, Deflection of 
Beams of Charged Particles, Ionospheric 
Research, Cosmic Radio Noise, Propaga- 
tion in the FM Broadcast Band, and 
Electronic Aids to Navigation. 

The book is well illustrated, printed 
in type easy to read, and is obviously 
a solid contribution to the literature. 
Any one wanting a survey of present 
knowledge in the several fields will 
find the reviews most readable and 
instructive. 
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AEC INDUSTRIAL ADVISORY 
GROUP MAKES ITS REPORT 

After a vear combing through AEC 
policies and operations, the Commis- 
sion’s Industrial Advisory Group, made 
ip of eight industrial executives, made 
ts report on December 15. The AEC 
released the report on December 27 and 
held a press conference on the report on 
December 29, 1948. 

According to this report greatly ex- 
panded participation by industry in the 
nation’s atomic energy program is nec- 
essary not only to aid the Commission in 
solving its problems but to assure a 
high rate of technological advance in 
At the mo- 
ment the only broad field open to indus- 


nuclear energy application. 


trv generally is in the use of radioactive 
isotopes, but, the Group holds, there are 
other opportunities which await proper 
cultivation. 

To secure such participation by in- 
dustry generally, more knowledge must 
be available to technologists and execu- 
At the present time 

industry has no way of determining 
whether important opportunities in fact 


tives of industry. 


exist .. If industry is to help in 
atomic energy and benefit from it, in- 
dustrialists must first be put in a 
position to find out enough about the 
subject.” 

To implement such participation by 
industry, the Group recommended that 
much more technical information be 
made available for publication in the 
technical press, that there must be op- 
portunity for industrial personnel to 
have “broad personal contact with 
various phases of the enterprise,’’ that 
a program be developed for bringing 
industry executives—many of whom 
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NUCLEONIC EVENTS 














commenced their careers as engineers 
or scientists—in close touch with devel- 
opments, and that the methods by 
which the Commission makes contracts 
and the details of the patent policy be 
made clear to industry generally The 
formation of industrial advisory com- 
mittees was felt by the group to have 
important advantages in the direction of 
getting more active sharing of the 
atomic energy field by government and 
industry. 

Throughout the report the necessity 
for secrecy Was cited as a most impor- 
tant deterrent, but it was pointed out 
that the Group received the impression 
during its survey that a vast amount of 
non-secret information existed which, if 
dug out and made available, would help 
materially to push our research and 
speed the application of nuclear knowl- 
edge. On this score the committee 
report states: 

“During our survey of the project, 
we observed, for example, interesting 
and valuable new metallurgical tech- 
niques, new chemical treatments to 
protect against corrosion, new plastics, 
instrumentation, and useful technical 
knowledge of many kinds. This in- 
formation, although developed in re- 
search on atomic energy, is only 
incidentally related to atomic energy 
It is still largely unknown except to 
those industrial organizations which 
actively participated in the research 
through which it was discovered. 

“We have the impression that for 
reasons which are not at all clear, much 
of this knowledge is still buried in the 
files and activities of the Commission. 
We think the Commission should make 
a special effort to publish it—to the 
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extent that military security’will permit 
at the earliest possible date. The 
This is one 


cost of secrecy is high. 
of the many instances in which we have 
thought its value doubtful.”’ 

The report indicated that the Group 
felt that certain representative types 
of American industry stood to gain 
much from the development of atomic 
energy, notably the chemical, petro- 
leum, power, heat transfer equipment, 
metallurgical and instrument industries. 
Highly technical information was only 
part of the AEC material which should 
be freed for industry use, the report 
stated. 

“Scientific information appears to be 
made available by the Commission in a 
manner adequate to keep interested 
scientists informed. But the avail- 
ability of additional material—in a form 
useful to industry—is indispensable to 
getting industrial participation in atomic 
energy. 


Information Needed by Industry 
“Industry requires information along 
First, it needs 
much additional technical and semi- 


two quite distinct lines. 


technical knowledge about the whole 
field of atomic energy. 
tion will help in clarifying and identi- 
fying the opportunities which atomic 
energy potentially affords to industry. 


Such informa- 


“There is a second class of knowledge 
which must be made available to com- 
plement the first: information about the 
structure of the Commission, its ad- 
ministrative policies and its procedures. 
The better industry is informed about 
these matters, the better it will be able 
to deal with the Commission with as- 
surance and understanding. The gen- 
eral atmosphere of secrecy which sur- 
rounds atomic energy has enveloped 
this kind of information—even though 


almost as 
’ 


most of it is non-secret— 
completely as technical matters.’ 

The Group felt that ‘‘a simple but 
comprehensive report on the Com- 
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mission’s procedure in negotiating 
awarding, and administering its numer 
ous types of contracts would also by 
useful. At present there is consider- 
able fragmentary information on this 
subject but no well-organized com 
prehensive report that gives a clear 
picture of Commission policies and 
Education in industry in 
these matters should help to give effect 
to the 
interesting additional companies in 
taking part in Commission work 
Another question on which industrial- 
ists need information is the Com- 
Unless potential] 
contractors are satisfied that the Com- 
mission’s policy can be accommodated 


procedure. 


Commission’s objective of 


mission’s labor policy. 


to the policy which the contractor 
follows in his labor relations generally, 
there are sure to be difficulties and a 
hesitancy to engage in work for the 
An informational report 
by the Commission or under Com- 
mission sponsorship could go far to 
eliminate the misapprehension that now 
exists in industry on this subject.” 


Commission. 


Increasing Direct Contacts with Industry 

As an indication of the techniques 
employed in the AEC’s work, the Group 
cited anenlightening experience. ‘One 
of our number is at present in charge of 
an important specific industrial research 
and development project. Among the 
knotty unanswered questions in his 
project is one relating to the type of 
coolant to be used. During our survey, 
he observed, first hand, a unique process 
that was being worked on in one of the 
Commission’s laboratories to solve a 
problem which also related to coolants. 
The Commission’s work immediately 
suggested to him a new avenue of 
approach to his own special research 
problem. He remarked at the time 
that even had he read about the Com- 
mission’s investigation in the technical 
journals the chances are that he would 
have missed the connection with his own 
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Direct personal con- 


nvestigations. 


tact with the work in the atomic energy 
iboratory gave him the concrete 
<perience necessary to see a relation- 
ip that he would otherwise have 
“ceed”? 
Even if such knowledge is revealed by 
rdinary methods, i.e., by publication, 
report and the experiences noted 
ibove emphasize the fact that personal 
mtact is still of great importance. 
Lectures for technologists and _ for 
technically trained executives were 
S iggested 
Other recommendations were for a 
improvement 
ind refinement of the AEC contract 
system; for the disparate abilities of the 
physicist and the engineer, for example, 


further strengthening, 


to be better employed and their respec- 
tive responsibilities in the overall con- 
tract picture more clearly defined; and 
for certain changes in the actual AEC 
organization to be carried out. 

In summary the report cites the 
following pre-conditions to increased 
industrial participation in the AEC 
programs: greater knowledge of the 
subject; development of a broad pro- 
gram for clearance of engineers, tech- 
nologists and executives in industry; 
establishment of a General Advisory 
Committee; acquaintance of industry 
with AEC contract and patent systems; 
further reorganization of the Com- 
mission’s internal setup 

James W. Parker, President and 
General Manager, Detroit Edison Co., 
was chairman of the Industrial Advisory 
Group, the other members being Isaac 
Harter, Sr., Chairman of _ Board, 
Babcock and Wilcox Tube Company; 
Gabriel O. Wessenauer, Manager of 
Power, Tennessee Valley Authority; 
Robert E. Wilson, Chairman of Board, 
Standard Oil Company of Indiana; 
Bruce K. Brown, Vice-President, Stand- 
ard Oil Company of Indiana; Gustav 
Egloff, Director of Research, Universal 
Oil Products Company; Paul D. Foote, 
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Executive Vice-President, Gulf Re- 
search and Development Company; 
Hunsaker, Chairman, 
Committee for 


and Jerome C 
National Advisory 
Aeronautics, 


WESTINGHOUSE TO BUILD 
REACTOR FOR NAVAL SHIPS 


Construction of a nuclear reactor to 
be used in the propulsion of ships is to 
be undertaken by the Westinghouse 
Electric Corporation, according to an 
announcement by the Chicago Opera- 
tions Office of the 
Commission. 


Atomic Energy 


A. Tammaro, manager of AEC opera- 
tions in Chicago, announced that work 
under the contract will be carried on in 
cooperation with the Argonne National 
Laboratory, major center of the com- 
mission’s reactor development program. 
The objective of the developmental proj- 
ect is to meet requirements provided 
by the Navy Department Bureau of 
Ships for the propulsion of naval 
vessels. 

The development of such specialized 
nuclear reactors was among the func- 
tions assigned to the Argonne National 
Laboratory in January, 1948, when 
this laboratory was made the major 
center of the AEC reactor development 
program. Under the terms of this al- 
location, the responsibility for the de- 
sign, development and engineering of 
the new reactor rests with the Argonne 
Laboratory. 
delegated responsibility for the detailed 
engineering, construction and opera- 
tion of the reactor, and will undertake 
such research and development activ- 
ity as may be assigned to it by the 
commission. 


Westinghouse has been 


HAFSTAD APPOINTED HEAD 

OF AEC REACTOR DIVISION 
Lawrence R. Hafstad, executive sec- 

retary of the Joint Research and De- 

velopment Board of the National 

Military Establishment, has been ap- 
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pointed director of the Reactor Devel- 
opment Division of the Atomie Energy 
Commission. 

Dr. Hafstad is the first director of 
this new division which was created in 
August, 1948, to carry out the program 
of designing and developing nuclear 
reactors for the practical application of 
atomic energy for power, for propulsion 
of ships and aircraft, for production 
of isotopes and for research on reactors 
About $120,000,000 is in 
the President’s budget for the coming 


themselves. 


fiscal year for the reactor development 
program. 

Dr. Hafstad, with two colleagues, 
Richard Roberts and Merle Tuve, dem- 
onstrated uranium fission for the first 
time in the United States in 1939 in 
Washington following reports from 
abroad that German scientists had split 
atomic nuclei. 

Dr. Hafstad has been on leave of 
absence from Johns Hopkins University 
where he holds the position of director 
of research of the Applied Physics 
Laboratory at Silver Spring, Md. It 
was in this laboratory that he helped 
perform much of the work leading to 
development of the proximity fuse and 
also took part in research and develop- 
ment work on guided missiles. 


DU PONT TO STUDY 
CHEMISTRY OF PLUTONIUM 

A survey of the total problem of re- 
search and engineering involved in im- 
proving the chemical processes used in 
the production of plutonium will be 
undertaken by E. I. duPont de Nemours 
and Company of Wilmington, Del., ac- 
cording to an announcement by the 
Atomic Energy Commission. Since it 
assumed direction of the atomic energy 
program in January, 1947, the AEC has 
had studies of the plutonium chemistry 
program made by several different insti- 
tutions and industrial concerns. 

The duPont Company was the builder 
and first operator of the Hanford Works 
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at Richland, Wash., major center of 
U. 8S. production of plutonium, The 
General Electric Company succeeded 
duPont at Hanford when the latter 
withdrew at its own request at the end 
of the war. 


NEW U-235 PLANT TO BE 
BUILT AT OAK RIDGE 

Plans for the construction of a $70,- 
000,000 plant for the production oj 
U-235 at Oak Ridge have been outlined 
by David E. Lilienthal, chairman of the 
Atomic Energy Commission. Thesi 
plans are in addition to ones for the 
building up of Oak Ridge National 
Laboratory as a permanent installation 
Approximately $20,000,000 will be used 
for this purpose. Already under con- 
struction are radioisotope processing 
facilities which will cost $1,500,000. 

The construction of the U-235 
plant will begin in about five months 
The job will take about two years and 
will employ about 3,500. construction 
workers. 


WESTINGHOUSE NAMES HEADS 
OF ATOMIC POWER GROUP 
William E. Shoupp has been named 
director of research and Robert A 
Bowman has been appointed manager 
of engineering of the Westinghouse 
Electric Corporation’s atomic power 
division, according to an announce- 
ment by Charles H. Weaver, division 
manager. Dr. Shoupp, a nuclear phys- 
icist, had previously been manager of 
electronics and nuclear physics research 
at the Westinghouse Research Labora- 
tories. Mr. Bowman who is said to be 
especially familiar with heat transfer 
and ship propulsion problems, was 
previously manager of condenser engi- 
neering at the company’s steam division 
in South Philadelphia, Pa. 
Westinghouse was recently awarded 
a contract by the Atomic Energy Com- 
mission to construct and test an atomic 
power plant for the propulsion of naval 
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essels. The nuclear reactor for this 
project will be engineered and built in 
the Pittsburgh area, but will be tested 


it a remote location. 


NEW ROCHESTER CYCLOTRON 
OPERATES SUCCESSFULLY 

Successful operation of the new 250- 
Mev eyclotron at the University of 
Rochester was announced last month. 
In the process of planning, construction 
ind development for more than two and 
me-half vears, the 130-inch machine is 
the first large post-war cyclotron to be 
putin operation and is at present second 
in size only to the 184-inch accelerator 
it the University of California. 

Using protons on a carbon target, the 
machine is said to have already pro- 
duced mesons. 

The cyclotron project was initiated 
shortly after the war by Sidney W. 
Barnes, professor of physics, and Lee A 
DuBridge. Its realization is said to 
have been due mainly to the active sup- 
port and effective efforts of Dr. Du- 
Bridge in his last few weeks as chairman 
of the physies department at Rochester 
before leaving to become president of 
the California Institute of Technology 
in 1946. 
of plans and development since its 


Dr. Barnes has been in charge 


inception. 

In accordance with original plans, the 
construction was divided into two build- 
ings. One, housing the cyclotron, is 
located in a shallow gulley. The other, 
more than 100 feet away on higher 
ground and separated from the cyclo- 
tron building by an earth ramp, is the 
laboratory, which contains the control 
room from which the cyclotron is 
operated. 

The group of physicists and engineers 
who have worked with Dr. Barnes on 
the project includes R. L. McCreary, 
S. N. Van Voorhis, J. B. Platt, A. L. 
Clar, and G. B. Collins, all of the 
university’s physics faculty, T. Pearl- 
man and R. Mortensen of its engineer- 
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ing staff, and W. Pierson, 
Calif., engineer. 


Berkeley, 


CANADA TO AWARD 
40 FELLOWSHIPS 

Forty postdoctorate fellowships for 
research in pure chemistry and physics 
will be awarded by the National Re- 
search Council of Canada for 1949-50. 
The fellowships are for the NRC labo- 
ratories at Ottawa and for the Canadian 
Atomic Energy Project at Chalk River, 
Ontario. 

Normally an applicant should possess 
a Ph.D. degree from a recognized uni- 
versity, but exceptions may be made 
in special cases. There are no restric- 
tions as to the nationality of the 
applicant in the case of the Ottawa 
Appointments at Chalk 
River are restricted to British subjects. 

The awards are to be $2,820 per 
vear, with a grant-in-aid of travelling 


laboratories. 


expenses being made to persons coming 
from abroad. A similar grant will be 
made on termination of the fellowship 
if the holder is returning to his home 
abroad. 

Applications, which should be _re- 
ceived in Ottawa not later than March 
1, should be made on a special form 
which may be secured from the secre- 
tary, Laboratories Awards Committe, 
National Research Council, Ottawa, 
Canada, or from the Chief: Scientific 
Liaison Officer, National Research 
Council, Africa House, Kingsway, Lon- 
don, W. C. 2, England. 


DU PONT ANNOUNCES 
RESEARCH FELLOWSHIPS 

E. I. du Pont de Nemours and Co., 
Inc., has recently awarded 77 post- 
graduate and postdoctoral fellowships 
to 47 universities throughout the coun- 
try for the 1949-50 academic year. 

In continuing its 30-year-old plan to 
encourage graduate research in the fields 
of chemistry, physics, metallurgy, and 
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engineering, the company said it has 
authorized the expenditure of $226,800 
for the 1949-50 awards. 

This year’s fellowship plan is little 
changed from that of 1948-49. Each 
postgraduate fellowship provides $1,200 
for a single person or $1,800 for a 
married person, together with an award 
of $1,000 to the university. Each post- 
doctoral fellowship provides $3,000 for 
the recipient and is accompanied by a 
grant of $1,500 to the university. The 
selection of candidates for the fellow- 
ships and the choice of problems on 
which they are to work are, as in the 
past, left to the universities. 

Of the post graduate fellowships, 45 
are in chemistry, 4 in physics, 15 in 
chemical engineering, 5 in mechanical 
engineering, and 2 in metallurgy. The 
plan also provides for 6 post-doctoral 
fellowships in chemistry. 

In addition, du Pont is instituting a 
program of grants-in-aid in the amount 
of $10,000 each to 10 universities for the 
1949-50 academic year. They are in- 
tended for unrestricted use in the field 
of fundamental chemical research at the 
following universities: Cal. Tech., Cor- 
nell, Harvard, MIT, Ohio State, Prince- 
ton, Yale, Illinois, Minnesota, and 
Wisconsin. 

The projects in which the grants will 
be employed are to be selected by the 
universities themselves, the only stipula- 
tion being that the research be free from 
any commercial implications at the time 
the work is initiated. 


WEINBERG MADE OAK RIDGE 
ASSOCIATE DIRECTOR 


Alvin M. Weinberg, formerly director 
of the Physics Division at Oak Ridge 
National Laboratory, has been ap- 
pointed associate director of the labora- 
tory in charge of research and develop- 
ment. A. H. Snell has succeeded Dr. 
Weinberg as director of the Physics 
Division. 


NORWAY PRODUCING 
MATERIALS FOR PILE 


Norwegian uranium and heavy water 
sufficient to supply that country’s first 
atomic pile, are now being mined and 
processed in Norway. A statement by 
Gunnar Randers (Chemical Age, Dec 
1948), research head of the Norwegian 
atomic project, says that uranium or 
is now being mined at Evje in Setesda! 
and is considered sufficient for Norway's 
preliminary experimental purposes. 

Norsk Hydro, the Norwegian electro 
chemical firm whose facilities the Nazis 
seized for manufacture of heavy water 
during the past war, is cooperating with 
the government in this project, and 
sufficient quantities of the liquid ar 
said to be assured. Norway’s atomic 
center is now under construction at 
Kjeller, near Oslo. 


WORLD POWER CONFERENCE 
TO DISCUSS ATOMIC ENERGY 

It is expected that power from 
nuclear reactors will be one of the many 
subjects discussed at the fourth World 
Power Conference to be held in London 
in July, 1950. 

A comprehensive survey of the 
progress made in the development of 
power will be composed from individual 
reports submitted by member countries, 
setting out their respective energy 
sources and the extent to which they, 
and the prime movers utilizing them, 
have been developed over the last 
quarter of a century. Papers will be 
presented on various processes for 
preparation and refining of solid, liquid 
and gaseous fuels to render them suit- 
able as sources of power. The main 
interest will center, however, on the 
success attained in experiments with 
the hot-air engine, the potentialities of 
wind and tidal power, solar energy, 
terrestrial heat, thermal energy derived 
from the sea, in addition to the appli- 
cation of gas turbines, jet engines and 
atomic energy. 
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PRODUCTS and MATERIALS 








CALCIUM TUNGSTATE CRYSTALS 

Successful production of water-white 
single crystals of pure calcium tungstate 
in research quantities, has been an- 
nounced by the Linde Air Products 
Company, unit of Union Carbide and 
Carbon Corporation, 30 E, 42 St., N. Y. 
17, N. Y. Among the applications 
indicated for this fluorescent material 
ire its use in scintillation counters in 
the deteetion and measurement of 
radioactivity, and as screens in X-ray 
fluoroscopy. 

Single crystals of pure calcium tung- 
state are at the present time being 
grown in rods, about 1¢ inch square 
section and up to 2 inches in length. 
Representative samples of these calcium 
tungstate crystals are colorless, and 
clarity varies from a transparent to a 
slightly cloudy crystal. Development 
work is being done on the growing of 
uniformly, clear crystals and the produc- 
tion of other forms and sizes. 

At the present time, Linde synthetic 
calcium tungstate is available in re- 
search quantities in rods about 4 inch 
in square section, in lengths of from 14 
inch to 2 inches in 14 inch increments. 
Linde has facilities for the fabrication 
of special windows or mosaica from the 
rod presently available. 


ISOTOPES AVAILABLE 


Metal Hydrides, Inc., Beverly, Mass., 
is now synthesizing lithium deuteride 
and lithium aluminum deuteride. The 
deuterium gas used in this synthesis is 
approximately 99.8% H*%, and the 
isotopic purity of either compound is 
practically the same. 


Abbott Laboratories, N. Chicago, IIl., 
has announced the availability of the 
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following compounds: I'*'-labeled diiodo 
fluorescein, Au'®® in colloidal gold, 
Au'™8labeled gold sodium thiosulfate, 
S**-labeled thiourea, P*? solution, and 
S**-labeled pentothal. 


Oak Ridge National Laboratory, Iso- 
topes Division, has announced that the 
price of C' has been changed from $50 
to $36 per millicurie. This reduction 
in price was brought on by the fact that 
it was learned that the quantity of C'™ 
which was previously being shipped as 1 
me contained more activity than it 
should. The amount of C™ now being 
shipped as 1 mc has been reduced 28%. 


HEAVY ALLOY 


General Electric Co., Ltd.. Wembley, 
Middlesex, England, is now marketing 
an alloy of high density which is said to 
have a number of useful applications. 
It is known as Heavy Alloy and is com- 
posed of sintered tungsten with a trace 
of copper binder. The density is about 
17 and the stopping power is about 1.5 
times that of lead. The alloy is 
machineable, but it is recommended 
that fabrication be carried out by the 
manufacturer. It is available in stand- 
ard-size blocks for approximately $4 
per pound, or in special form for this 
price plus machining cost.—From 
European Scientific Notes, Nov. 15, 1948 
(Office of Naval Research, London 
Branch) 


DENSITOMETER 

W. M. Welch Scientific Co., 1515 Sedg- 
wick St., Chicago 10,Ill. The feature of 
the model 2150 Densichron densitometer 
and exposure meter is that it transforms 
light into a-c voltages within the photo- 
tube of the instrument by application 
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of an a-c magnetic field. The instru- 
ment provides density ranges of 0-1, 
1-2, 2-3, and 3-4. The light-measur- 
ing ranges are 0.005, 0.05, 0.5 and 5 
footeandles, with a maximum light 
sensitivity of 10 microlumens. The 


current consumption is 30 watts, with 
operation on 115 volt, 60 cycle a-c 


PHOTOGRAPHIC PLATES 

Ward’s Natural Science Establishment, 
Inc., 3000 Ridge Rd. E., Rochester 9, 
N. Y., has been appointed distributor 
for the special Eastman Kodak nuclear 
track emulsions. Shown below are the 
photographic plates which are available. 
Stripping film coated with NTB emul- 
sion is also available. It is claimed to 
have the following special advantages 
for special autoradiographic problems: 


freedom from backscattering, emulsion 
staining, fogging and photographic 
developer damage; blood smear auto- 
radiographs can be made; histological 
bodies above intense collection of grains 
can be identified, and grain counting 
for quantitation is permitted. 


NEW COMPANY FORMED 


Radioactive Products, Inc., 14 N. 
Huron St., Ypsilanti, Mich. This com- 
pany has been formed in the Detroit 
area to design and manufacture instru- 
ments and equipment for the measure- 
ment and handling of radioactive 
materials. It also plans to establish 
facilities for purification, packaging and 
assay of radioisotopes and for the 
synthesis of tracer compounds. John 
R. Niles and Homer S. Myers, for- 





Nuclear Track and Autoradiography Plates 


Emulsion Type \ TA 


Application Alpha particles to 
200 Mev 
Protons to 20 Mev 
Deuterons to 40 Mev 


Sensitivity to light, Low 
gamma and beta 
rays 

Available emulsion 25, 50, 100, and 200 
thickness in mi- 


crons 


Grain size in microns 
% of weight of AgBr 
in dry emulsion 
% of weight of gela- 

tin 
Density of emulsion 
Concentration of 
AgBr in emulsion 
Impregnated plates 
for bombardment 
and subsequent 
effect study 


0.2 to 0.4 
81 


19 


3.64 gm ‘ce 


2.95 gm cc 


Li, Be, B 


NTB NTC 
Autoradiography Nuclear fission frag- 
Alpha particles to ments of high ion- 


400 Mev izing power 
Protons to 50 Mev 
Deuterons to 100 
Mev 
Mesons to 5 Mev 
Electrons to 50 
kev 


Moderate Very low 


25 for autoradio- 25 
graphy; 50, 
100, and 200 


0.2 to 0.3 0.1 to 0.4 
81 65 
19 35 


3.64 gm/ce 


2.95 gm/ce 


Li, Be, B 
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merly with the Aeronautical Research 


Center, University of Michigan, are 
now director of engineering and director 


of sales, respectively. 


G-M COUNTER 


Electrotechnic Engineering Co., Lid- 
combe, New South Wales. A simpli- 
fied Geiger-Miiller counter is said to 
have been developed. The instrument 
is contained, complete with batteries, 
in a welded aluminum case, 11! in. X 
7! X 834¢ in., 2316 


7'4 in and weighs 
For prospecting work a spe- 


pounds 
cial attachment is provided which 
enables the tube to be carried close to 
the ground. It can also be lowered 
down boreholes and other inaccessible 
locations. The sensitivity of the tube 
contained in the case is reportedly such 
enable detection of 14 me of 
at 20 ft. 


read directly from a dial whereas an 


as to 


radon Higher counts can be 


earphone is required for the lower 
counts. 
DEMONSTRATOR 


Tracerlab, Inc., 55 Oliver St., Boston 
10, Mass. A 


strator has been developed for teaching 


radioactivity demon- 
the basic principles of radioactivity in 
Radiation 
is indicated by three different means: 


high schools and colleges. 
by loudspeaker, by a flashing neon 
light, and quantitatively with a count- 
Included with the 


ing-rate meter. 
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tube 
capable of detecting gamma and high- 
energy beta rays, and sources offheta 


glass Geiger 


demonstrator is a 

and gamma activity 
CHARGER-READER 
Nuclear 


Instrument and Chemical 


Corp., 223 W. Erie St., Chicago, II. 
2050 Charger-Reader has 


The 


model 





been designed for use in conjunction 
with pocket-type ionization chambers 
The instrument charges the ion chamber 
to a known voltage, and measures the 
residual chamber charge after exposure 
to gamma or N-radiation 
on 110 volts a-e, 


have an accuracy ol 


Operating 
the unit is claimed to 


2'4% full seale 


NEUTRON COUNTERS 


N. Wood Counter Laboratory, Box 76, 
Route 1, Chesterton, Ind. ‘ Enriched” 
BF; neutron counters are available in 
diameters of 1 in., 119 in. and 2in., and 
Using 
96 % B'®, these counters are said to be 


varying lengths and pressures, 


four times as efficient as the unenriched 


counters. Long, flat plateaus are 


claimed. 
TRACERLAB OPENS N. Y. OFFICE 


Tracerlab, Inc., 55 Oliver St., Boston 
10, Mass., has opened an office at 1775 
Broadway, New York City, to serve 





ee 





customers in Connecticut New York, 
New Jersey and Pennsylvania. In 
charge of the office is W. C. Nusbaum, 
New York sales manager of the 
company. 

SURVEY METER 

El-Tronics, Inc., 2647 N. Howard St., 
Philadelphia 33, Pa. The model SM-3 
beta-gamma survey meter provides for 
direct reading on three full-scale ranges 
of 0.2, 2.0 and 20 mr per hour. The 





meter has a sliding beta-ray shield in its 
probe and uses a battery which is said 
to have a life of 200 hours. The SM-3 
is claimed to be waterproof and to have 
a weight of 8°4 pounds. 


HAND ALPHA COUNTER 


Radiation Counter Laboratories, Inc., 
1844 W. 21st St., Chicago 8, Ill. This 
hand alpha counter for monitoring con- 
tamination of hands is a self-contained 
assembly which consists of two alpha- 
sensitive, ten-wire air proportional 
counters and a recording electronic 


circuit which is calibrated to read from 
0-20,000 counts per minute. The 











counters are arranged so that clos: 
proximity to the hand is assured. The 
electronic circuit consists of a linear 
amplifier, a multivibrator to equalize 
the incoming pulses, and RC tank cir- 
cuit, a vacuum-tube voltmeter cali- 
brated to read directly in epm, and a 
regulated high-voltage power supply. 


WIDE-BAND AMPLIFIER 


Spencer-Kennedy Laboratories, Inc., 
186 Massachusetts Ave., Cambridge 
39, Mass. The model 200A chain 
amplifier is a traveling wave amplifier 
with a bandwidth of 200 megacycles and 
againof10dbperstage. Witha useful 
range from 100 ke to 220 Me, at an 
impedance level of 200 ohms, the ampli- 





fier has a transmission characteristic 
which is +1.5 db from 100 ke to 200 Me, 
with a standing wave ratio of less than 
1 db over this band. 


ELECTRONIC COUNTER 


Technitrol Engineering Co., Inc. 3212 
Market St., Philadelphia, Pa. A basic 
decade electronic counter, which can be 
combined in multiple with electronic 
switching circuits to solve special count- 
ing and timing problems, has been de- 
veloped. It is claimed that the instru- 
ment includes the following features: 
speed over 150,000 cps, elapsed time 
measured to less than 7 microseconds, 
decimal indication of counts, presetting 
switchable to any count, simultaneous 
inputs to two or more decades, positive 
or negative difference counts directly 
dicated, and automatic sequencing of 
two or more counters. 


February, 1949 - NUCLEONICS 





oa ~ tie) ita te ei, iit. tee ie i la eo a i ai ie 











ABSTRACTS 








CHEMICAL PUBLICATIONS 


Radioactive determination of potassium 
in solids, A. M. Gaudin, J. H. Pannell 
Massachusetts Inst. of Technology, Cam- 
bridge), Anal. Chemi. 20, 1154-1156 
(1948). A method is described for 
determining potassium in concentrations 
greater than 1% by measuring the beta 
activity of naturally occurring K*. 
[This is accomplished with a thin-walled 
Geiger-Miiller counter mounted vertically 
in a lead shield and surrounded by a 
sample of infinite thickness (0.35 g per 
sq em in potassium chloride). Good 
igreement was obtained between chemical 
and radioactive assays for potassium in 
sylvite ores and concentrations. Unless 
corrected for, large errors may occur when 
other naturally radioactive elements are 
present 


Chemistry of thorium, T. Moeller, G. K. 
Schweitzer (Univ. of Illinois, Urbana), 
Anal. Chemi. 20, 1201-1204 (1948). A 
radiochemical method is described for 
estimating thorium in the presence of 
yttrium and the tripositive rare-earth ele- 
ments. Thorium is precipitated from 
0.3 N acid solutions with an excess of 
sodium pyrophosphate solution containing 
P52, the precipitate is filtered off, and the 
filtrate is counted with a _ thin-walled 
Geiger-Miiller counter having an annular 
sample holder. The difference in activity 
of the standard solution and the filtrate 
determines the quantity of unused pyro- 
phosphate. Radiochemical studies showed 
that yttrium and the tripositive rare-earth 
elements are not precipitated as pyro- 
phosphates from 0.3 N acid; however, to 
avoid coprecipitation of rare earths, a 
preliminary separation through carbonate 
precipitation is desirable. The method 
was applied successfully to synthetic mix- 
tures of thorium, yttrium, and the rare- 
earth elements, as well as to monazite 
sand concentrates. Good agreement was 
obtained between results obtained with 
this method and with titrimetric iodate 
and gravimetric hexamine methods. The 
radiochemical method has the advantage 
of simpler manipulative techniques. 


Radioactive electronic detector, I. Feuer 
(Seederer-Kohlbusch, Inc., Englewood, 
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N. J.), Anal. Chemi. 20, 1231-1237 (1948). 
A radioactive microbalance is described 
which has the advantages of high sensi- 
tivity (at least 1 microgram per mm de- 
flection on a spotlight galvanometer), 
external control of sensitivity, constancy 
of sensitivity under increasing load, 
stability of sensitivity, very short weigh - 
ing periods, external electrical recording 
device which can be read easily, large load 
capacity, and determination of balance 
errors quickly and directly. A _ sealed 
radium source, fixed on one balance arm, 
irradiates a three-plate ionization chamber 
which is mounted on a fine worm gear 
The latter permits linear displacement of 
the chamber to better than 0.5 micron. 
Current in the ionization chamber is 
amplified and read by either a sensitive 
microammeter or a spotlight galvanom- 
eter. Displacements of the source rela- 
tive to the chamber produce changes in 
the ionization current which are easily 
read and converted into micrograms after 
suitable calibration. 


Some mechanism studies on the Fischer- 
Tropsch synthesis using C'*, J. T. Kum- 
mer, T. W. DeWitt, P. H. Emmett 
(Mellon Inst., Pittsburgh, Pa.), J. Am. 
Chem. Soc. 70, 3632-3643 (1948). Studies 
made on the Fischer-Tropsch synthesis 
using C'4 as a tracer show that the major 
fraction of the product is formed by some 
process other than by reduction of carbide 
on the catalyst. At or below 260° with 
iron catalysts, or at 200° for cobalt cata- 
lysts, only 10% of the hydrocarbon prod- 
uct is formed through the carbide. With 
an iron carbide surface at 250°, the ex- 
change of the carbon in methane, butene-1, 
and acetylene, is verylow. Carbon mon- 
oxide exchanges with the carbon in the 
carbide to the extent of 5% in 30 min at 
250°, and 29% in 7 min at 322°. The 
mechanism of carbiding was investigated, 
but the process is complicated and no 
satisfactory mechanism was obtained. 


The preparation of carbon-14-labeled 
methane and carbon tetrachloride, W. H. 
Beamer (Dow Chemical Co., Midland, 
Mich.), J. Am. Chem. Soc. 70, 3900-3901 
(1948). Methane-C™ and carbon tetra- 
chloride-C'* were synthesized on a milli- 
mole scale from BaC'*O; in yields of 96 % 
and 93%, respectively. The methane was 
prepared by reduction of carbon dioxide 
with hydrogen over a_nickel-thorium 
oxide catalyst at 330°; the methane in 
turn was converted to carbon tetra- 
chloride (better than 99% pure) by 
photochlorination. An all-glass vacuum 
line system was used. 
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Gamma-rays from proton bombardment 
of separated argon isotopes, K. J. Bros- 
trém, T. Huus, J. Koch (Inst. for Theo- 
retical Physics, Univ. of Copenhagen, 
Denmark), Nature 162, 695-696 (1948). 
Protons in the energy region from 0.5 to 
1.8 Mev were used against four A‘ targets 
and one A** target to determine capture 
resonances in the two argon isotopes. 
The targets were prepared by bombarding 
silver disks with the separated beams of 
the argon isotopes in a mass spectrograph. 
Resonances for A*® were found at 900, 
1050, 1080, 1100, and 1235 kev, and yields 
were calculated for each resonance; no 
gamma radiation was found in the case 


of A%, 


Short-range a-particles from the dis- 
integration of sodium, aluminum, and 
fluorine by protons, J. M. Freeman, A. 3. 
Baxter (Cambridge Univ., England), 
Nature 162, 696-698 (1948). Emission of 
short-range a-particles was observed in the 
proton bombardment of sodium, fluorine, 
and aluminum. Disintegration particles 
emitted at 90° to the incident proton beam 
were allowed to pass through a 90°-focus- 
ing magnet. The resolved a-particles 
were focused onto a ZnS screen and the 
scintillations detected by a photomulti- 
plier. For range measurements, an air- 
filled ionization chamber was used in place 
of the multiplier. The known excitation 
function for the reaction F!°(p,a)O!6«_, 
O'* was used to estimate the proton 
energy scale, and the ranges of a-particles 
from the aluminum and sodium reactions 
were compared with the a-particles 
emitted from this reaction. Q-values for 
the reactions studied were calculated from 
the range measurements with aid of the 
1938 Cornell range-energy curve for 
a-particles. 


Disintegration of nitrogen by fast neu- 
trons, C. P. Sikkema (Rijks University, 
Groningen), Nature 162, 698-699 (1948). 
Thereactions N'*(n,p,)C'* and N!4(n,a)B"! 
were studied using monoenergetic (D + D) 
neutrons. The combined cross sections 
so obtained were plotted as a function of 
the neutron energy. A resonance was 
observed at 2.23 Mev, corresponding to 
an excited state of the intermediate ;N'® 
nucleus. The total cross section for 
resonance neutrons of dicyandiamide was 
found to be 2 X 10°*% cm? by means of 
absorption measurements. 


A magnetic resonance accelerator for elec- 
trons, W. J. Henderson, H. Le Caine, R. 
Montalbetti (Natl. Research Council, 
Ottawa, Canada), Nature 162, 699-700 


(1948). A small electron accelerator, 
microtron, was constructed and electrons 
were observed to be accelerated in the 
manner predicted by Veksler [J. Phy 
U.S.S.R. 9, 153 (1945)|. The radio-fre- 
quency voltage on the accelerating gap 
was between 500 and 600 kv, and the mag- 
netic field was about 1000 oersteds. The 
final energy of the electrons after eight 
successive passages across the gap was 
4.6 Mev. The orbits were found to bi 
concentric circles, all passing through th: 
accelerating gap. 


Life-span of red and white blood cor- 
puscles of the hen, J. Ottesen (Inst. fo 
Theoretical Physics, Univ. of Copenhagen 
Denmark), Nature 162, 730-731 (1948 

P*2 was administered to a hen for one day 
only, and the activity of desoxyribo- 
senucleic acid phosphorus isolated from 
erythrocytes was measured over a period 
of 40 days. It was found that the release 
of the labeled corpuscles into the circu- 
lation took place three days after injection 
of P82, The mean life-span of erythro- 
cytes was found to be 32 days. By means 
of similar experiments, it was found that 
not more than 10% of the white corpuscles 
have a life-span of more than eight days 


Introduction of radioactive tracers into 
antisera, F. D. 8S. Butement (Atomic 
Energy Research Estab., Harwell, Eng. 
Nature 162, 731 (1948). Radioiodine was 
introduced into the globulin molecule of 
an antiserum without seriously impairing 
the agglutinating power of the serum 
This technique may be useful for the 
standardization of a variety of antisera. 


Fast neutron-proton scattering and the 
law of interaction between nucleons, 
E. H. 8. Burhop, H. N. Yadav (University 
College, London), Nature 162, 738-739 
(1948): Three types of n-p interaction 
were investigated using exchange proper- 
ties of the symmetrical (I), charged (II), 
and neutral (III) meson theories, re- 
spectively, and the following interaction 
functions: spherical well, Yukawa poten- 
tial, exponential potential, and Gaussian 
potential. The dependence of the total 
cross section and angular distribution on 
the range and shape of the assumed inter- 
action were calculated using the Born 
approximation. The Yukawa potential 
of range 1.18 X 107!% em for type I inter- 
action gives a value of the total cross 
section for 100 Mev neutrons of 9.1 x 
10°26 em?; the experimental value is 
8.3 + 0.4 X 1072 em*. The experimen- 
tal value of o180°/¢90° is approximately 3, 
which rules out any kind of type III 
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interaction. The Yukawa symmetrical 
case of range 1.18 x 10 em gives about 
6.2 for this ratio. 


A high-pressure hydrogen-filled ioniza- 
tion chamber, G. H. Stafford (Cambridge 
Univ.. Cambridge, Eng.) Nature 162, 
771-772 (1948)! Electron collection was 
obtained with a eylindrical ionization 
chamber filled with pure hydrogen at 
various pressures up to 90 atm. The size 
of recoil proton pulses produced by neu- 
tron irradiation was found to decrease 
with increase in pressure. In spite of 
electron loss the pulses were still propor- 
tional to the initial ionization. With a 
pulse-size analyzer, the chamber may be 
iseful for measuring neutron spectra up 
to approximately 13 Mev. At 90 atm the 
efficiency for detecting neutrons of 2.2 
Mev is 17 


Masses of meson, R. Firth (Univ. of 
London, England), Nature 162, 772-773 


1948 It is suggested that the decay of 
1 m-meson into a w-meson is the analog of 
the Compton effect. The collision of a 


m-meson with a nucleon gives rise to a 
yu-meson and emission of a neutral particle 
of small rest mass such as a neutrino 
Applying the author’s ‘hypothesis of ele- 
mentary indeterminacy’’ to mesons, 
m,/my is found to be 1.32, in good agree- 
ment with recent experimental results. 
This analogy bet ween mesons and photons 
leads one to expect a continuous spectrum 
of mesons over a wide range of masses 
above and below that of the z-meson. 
The hypothesis also gives the value of 


293m, for the m-meson mass. 


Evolution of the universe, RK. A. Alpher, 
R. Herman (Johns Hopkins Univ., Silver 
Spring, Maryland), Nature 162, 774-775 
(1948). Corrections are made to Ga- 
mow’s recent article in Nature on the 
evolution of the universe. When these 
corrections are made it is found that the 
formation of condensations must have 
occurred when the expansion was linear 
with time. At the time of condensation 
the gas temperature was 600° K, while the 
present temperature in the universe is 
about 5° K. 


Relative abundances of potassium and 
argon in the earth’s surface materials, 
J. H. J. Poole (Trinity College, Dublin, 
Ireland), Nature 162, 775-776 (1948). If 
one assumes that the total half-life of K*° 
is about 2.4 X 10° years, a calculation of 
the amount of A*° which should have been 
produced from the decay of K*® in the 
lifetime of the earth leads to a value that 
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is about 430 times the known amount of 
argon in the atmosphere. The author 
concludes that either the assumed data 
for the decay of K*? and its abundance in 
the surface materials of the earth are in- 
correct, or that the present estimates of 
the age of the earth are too large by a 
factor of two. 


Tracer phosphatase determination in 
tissue sections, J. B. Dalgaard (Univ. of 


Aarhus, Denmark), Nature 162, S811 
(1948). <A quantitative determination of 
phosphatase in tissue sections was carried 
out using a modified Gomori technique 


By means of a microscope and slide, a 
small region of the tissue containing radio- 
active calcium phosphate may be selected 
and exposed to a Geiger-Miiller counter 
Brass diaphragms of '9-2 mm diameter 
limit the area of the tissue to be counted. 
When stained sections are used, the 
histological and radioactive surveys can 
be made on the same section. 


Lead isotopes and the age of the earth, 
H. Jeffreys, Nature 162, 822-823 (1948). 
The ratios of the abundances of isotopes of 
lead from 25 rock samples was treated 
statistically to derive an estimate of the 
age of the earth Ahrens’ value of 2,100 
million years is not much less than the 
true age of the crust. Isotopic analyses 
of at least four times as many old ores as 
were used are necessary to improve the 
estimate appreciably 

I. W. RUDERMAN 





LIFE SCIENCE PUBLICATIONS 


The permeability of the human placenta 
to water and the supply of water to the 
human fetus as determined with deu- 
terium oxide, L. Hellman, L. Flexner, W. 
Wilde, G. Vosburgh, N. Proctor (Dept. 
of Obstetrics, Johns Hopkins Univ., 
Baltimore, Maryland), Am. J. Obstet 
Gynecol. 56, 861-868 (1948). There is 
about a fivefold increase in the transfer 
rate of water per unit weight of placenta 
from the fourteenth week of pregnancy 
until term. The placental transfer coeffi- 
cient for water is five times as great as 
sodium at corresponding periods of ges- 
tation. At the fourteenth week of ges- 
tation, the human fetus receives 700 times 
as much water as is incorporated into the 
growing tissues. This increases to 3,800 
times as much at the thirty-first week. 
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Calcium ion changes in some normal 
tissues and in epidermal carcinogenesis, 
A. Lansing, T. Rosenthal, M. Kamen 
(Mallinckrodt Inst. of Radiology and 
Dept. of Chemistry, Washington Univ., 
St. Louis, Mo.), Arch. Biochem. 19, 177 
183 (1948). Experiments indicate that 
normal epidermis actively exchanges cal- 
cium. There is a loss of storage capacity 
in the epidermis for calcium in early 
methylcholanthrene-induced hyperplasia. 
Transplantable squamous cell carcinoma 
and thirty-day hyperplastic epidermis are 
unable to exchange calcium ions. 


16-C'*-Dehydroisoandrosterone acetate, 
E. Hershberg, E. Schwenk, E. Stahl 
(Chemical Research Div. of Schering 
Corp., Bloomfield, N. J.), Arch. Biochem. 
19, 300-310 (1948). 3-Hydroxyetiobi- 
lienic acid has been prepared by hypoio- 
dite oxidation of dehydroisoandrosterone 
and a new intermediate iodine compound 
has been isolated. The preparation of 
diazomethane with C'!* is’ described. 
16-C!5-Dehydroisoandrosterone acetate 
has been synthesized. 


The incorporation of carbon-labeled 
formic acid and carbon dioxide into 
hypoxanthine in pigeon liver homogen- 
ates, G. Greenberg (Department of Bio- 
chemistry, Western Reserve Univ., Cleve- 
land, Ohio), Arch. Biochem. 19, 337-339 
(1948). The synthesis of a purine in 
essentially cell-free liver homogenates by 
incorporating labeled formate and _ bicar- 
bonate into hypoxanthine is reported. 


Thyroglobulin formation in the thyroid 
follicle visualized by the ‘‘coated auto- 
graph” technique, C. Leblond, J. Gross 
(Dept. of Anatomy, McGill Univ., Mon- 
treal, Can.), Endocrinology 43, 306-324 
(1948). Radioactive iodine uptake by 
the thyroid gland was observed using the 
autographic technique. Thyroids of rats 
on a low iodine intake, rats receiving about 
22 wgrams of iodine daily, hypophysec- 
tomized rats on a low iodine intake, and 
guinea pigs receiving thyrotropic hormone 
were observed. The radioiodine was 
shown to be present as thyroglobulin in all 
cases. The thyroglobulin was deposited 
continuously in the colloid of the thyroid 
follicle. 


Studies on nitrogen metabolism in 
tomato with use of isotopically labeled 
ammonium sulfate, Kk. MacVicar, R. 
Burris (Dept. of Biochemistry, Univ. of 
Wisconsin, Madison), J. Biol. Chem. 173, 
511-516 (1948). Labeled ammonium sul- 
fate was supplied to tomato plants, and 
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various nitrogenous fractions and ami 

acids were isolated and examined for isw- 
tope content. All nitrogenous fractions 
and amino acids isolated contained sig- 
nificant amounts of N'5. Of the amino 
acids isolated, glutamic had the highest 
concentration while histidine and lysine 
contained the lowest excess of isotope. 


The nature of the circulating thyroid hor- 
mone, A. Taurog, I. Chaikoff (Div. of 
Physiology, Univ. of California Med 
School, Berkeley), J. Biol. Chem. 176, 
639-656 (1948). Evidence is presented 
that the circulating hormone in _ the 
normal animal consists of thyroxine 
loosely attached to plasma protein. 


The in vitro synthesis of cholesterol from 
acetate by surviving adrenal cortical 
tissue, P. Srere, I. Chaikoff, W. Dauben 
(Div. of Physiology, Univ. of California 
Med. School, Berkeley), J. Biol. Chem 
176, 829-833 (1948). Doubly labeled 
C'*-acetate is converted to cholesterol by 
surviving slices of beef adrenal cortex. 


Study of carbon dioxide fixation in the 
synthesis of citrulline, S. Grisolia, P 
Cohen (Lab. of Physiological Chem., 
Univ. of Wisconsin, Madison), J. Biol 
Chem. 176, 929-933 (1948). <A study of 
the synthesis of labeled citrulline from 
ornithine and C'!*-labeled CO: has been 
made. Citrulline containing C' in the 
carbonyl position is converted to urea of 
the same specific activity by liver homo- 
genates. The effect of these findings on 
the role of citrulline in the Krebs-Henseleit 
cycle is discussed. 


The conversion of formate and glycine to 
serine and glycogen in the intact rat, W 
Sakami (Dept. of Biochemistry, School of 
Medicine, Western Reserve Univ., Cleve- 
land, Ohio), J. Biol. Chem. 176, 995-996 
(1948). Using glycine labeled in the 
carboxyl group with C'!* and formate 
labeled with C™, evidence was obtained 
for converting glycine and formate to 
glycogen via serine. 


Rate of flow of venous blood in the legs 
measured with radioactive sodium, H. 
Wright, S. Osborn, E. Edmonds (Univ. 
College Hospital and Med. School, Lon- 
don), Lancet 767-769 (Nov. 13, 1948). A 
method is described for measuring the 
rate of venous blood flow in the leg using 
radioactive sodium. The accuracy of the 
method is discussed and a comparison with 
other methods made. 


Effect of amino acid deficiencies on incor- 
poration of radioactive carbon-labeled 


February, 1949 - NUCLEONICS 








meas =o SS ee 


m= tw 6. O & 


<_- oc. mm. 2 ob Ge ee Ok oe 








Vie 
176 
nte 
the 


rom 


to 


he 








amino acids into animal tissue proteins, 
D. Sanadi, D. Greenberg (Div. of Bio- 
hemistry, Univ. of California Medical 
School, Berkeley), Proc. Soc. Exptl. Biol. 
Ved. 69, 162-163 (1948). A deficiency of 
either tryptophan or phenylalanine im- 
pairs the ability of animals to incorporate 
C4 from labeled amino acids into protein. 

BERNARD KANNER 
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Energy diagrams for beta-disintegration, 
4. L. Hughes (Washington Univ., St. 
Louis, Mo.), Am. J. Phys. 16, 415-420 
1948 The methods of presenting data 
mm beta-disintegration in the form of 
energy level diagrams are discussed. The 
effect of using atomic masses in the cases 
of positron emission and K-capture is 
explained, where the binding energy is 
either omitted or included. Atomic bind- 
ing energies may forbid K-capture while 
allowing L-capture. 


The search for the neutrino through 
nuclear recoil experiments, J. S. Allen 
Univ. of Illinois, Urbana), Am. J. Phys. 
16, 451-461 (1948). Summarized is ex- 
perimental work with cloud chambers 
and particle detectors to find the recoils 
from beta disintegration of solid and 
gaseous sources in order to obtain the 
angular correlation between the recoil and 
electron. In particular the work of 
Jacobsen and Kofoed-Hansen (on Kr*s), 
Allen (on He), Sherwin (using thin 
sources of P32 and Y*), and Lauritsen 
(Li*® decay) is discussed. 


Anomalous absorption of RaC gamma- 
rays, P. K. Sen Chaudhary (Tata Memor- 
ial Hospital, Bombay, India), Indiaw J. 
Phys. 22, 341-346 (1948). The absorp- 
tion coefficient of RaC gamma rays in 
lead as a function of lead thickness agrees 
with the accepted value for that between 
19-20 em (as measured with a Geiger 
counter It falls far below the theoretical 
minimum as the thickness increases to 
24.2 cm, but then rises again to 27 cm. 
The possible causes for the anomaly are 
discussed; they include multiple scattering 
in the forward direction and some meson 
type of radiation. 


The interaction of high energy neutrons 
and heavy nuclei, M. L. Goldberger 
(Univ. of Chicago, Ill.), Phys. Rev. 74, 
1269-1277 (1948). The interaction is 
theoretically studied by considering indivi- 
dual collisions, between the _ incident 
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nucleon and one in the target nucleus, in 
which small amounts of energy are trans- 
ferred. The effects due to the presence of 
other nucleons are accounted for by use 
of the statistical model of the nucleus 
The angular distribution of the seattered 
neutrons, the mean free path of scattered 
neutrons within the nucleus, the effective 
cross section for neutrons traversing 
matter, and the distribution of excitation 
energies in the bombarded nuclei (from 
which their subsequent behavior can be 
predicted by the evaporation model), are 
calculated and experimental results pre- 
dicted for neutrons in the region of 100 
Mev. 


Depolarization of neutrons during diffu- 
sion, S. Borowitz, M. Hamermesh (New 
York University, New York), Phys. Rev. 
74, 1285-1293 (1948 \ possibility for 
experimental determination of the spin 
dependence of the interaction between a 
neutron and a nucleus is the study of the 
depolarizing effect of a scattering process 
on a beam of polarized neutrons. The 
depolarizing factor for a single collision 
depends on the scattering amplitudes for 
both spin-orientations, and the depolariza- 
tion is calculated for the normal incidence 
of a plane monochromatic polarized beam 
of thermal neutrons on a slab of finite 
thickness in which the neutrons are 
isotropically scattered with or without 
capture. 


A direct determination of the energy of 
the He’ nucleus from the D-D reaction, 
H. V. Argo (Univ. of Chicago, Il.), Phys. 
Rev. 74, 1293-1299 (1948). An electro- 
static analyzer with an electron multiplier 
detector was used to determine the energy 
of He* ions coming off at 90° in the lab 
system from the reaction D+D-—pn 
+ He® + Q. The bombarding particles 
were deuterons of known energy from a 
voltage multiplier; the target was of DeO 
ice laid down by a constant flow method so 
as to have a fresh surface at all times. 
Using corrections for energy losses by the 
deuterons and He® particles, the value of 
Q was calculated as 3.30 + 0.01 Mev. 


Neutral decay products of cosmic radi- 
ation at great depths, J. Barnothy, M. 
Forro (Inst. for Experimental Physics, 
Univ. of Budapest, Hungary), Phys. Rev. 
74, 1300-1310 (1948). Measurements of 
double and triple coincidences as a func- 
tion of thickness of lead between Geiger- 
Miller counters at 700-1000 meters water 
equivalent below sea level were made over 
a period of seven years. The curves 
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indicate that the cosmic radiation at these 
depths consists largely of nonionizing or 
scarcely ionizing radiation. Various 
evidences (such as the temperature effect 
indicate that this radiation (which was 
found to be isotropic over the hemisphere) 
is probably a neutral decay product of 
cosmic-ray (possibly a neutral 
meson). 


mesons 


Radioactive isotopes of Ga and Ge, D. A. 
McCown, L. L. Woodward, M. L. Pool 
(Ohio State Univ., Columbus), Phys. Rev. 
74, 1311-1314 (1948). Alpha, deuteron, 
and neutron bombardments of ordinary 
and enriched isotopic mixtures of various 
targets produced various 
lifetimes, which were assigned to german- 
ium and gallium. Ge®*, decaying with a 
1.65-day half-life through 
positrons, X-rays, and gamma-rays, was 
produced by Zn(a,n), Ga(d,2n), and 
Ge(n,2n) reactions. Fast neutron bom- 
bardment of arsenic gave the 1.37 + 0.02- 
hour Ge’. Alpha-particle bombardment 
of zine gave 3.26 + 0.02-day Ga*’. 


activities of 


emission of 





Radioactive arsenic isotopes, D. A. 
McCown, L. L. Woodward, M. L. Pool 
(Ohio State Univ., Columbus), Phys, Rev. 
74, 1315-1319 (1948). The arsenic activ- 
ity of 76 + 3-day half-life is established 
number 73 by alpha-particle 
bombardment of ordinary germanium and 
enriched Ge". As?4 has a 17.5 + 0.1-day 
half-life. Deuteron bombardment — of 
germanium produces 2.08-day As7!. Sele- 
nium enriched in mass numbers 74 and 
76, respectively, was bombarded with 
deuterons, the results placing the 1.08-day 
activity at As7™*, -The methods of decay 
of these isotopes are described. 


at mass 


Further remarks on the magnetic moments 
of H* and He’, K. Avery, R. G. Sachs 
(Univ. of Wisconsin, Madison), Phys. Rev. 
74, 1320-1322 (1948). Magnetic mo- 
ments of H* and He* have been inter- 
preted as indicating the presence of an 
“exchange moment” not due to either the 
An alternative 
description without exchange moments is 
possible if the ground state of He*® has ?P 
and ‘P wave functions much larger than 
that of ‘D. Rough binding’ energy 
ealculations indicate the best choice of 
wave functions is 96% *S and 4% 4D; 
using this and the experimental H* 
magnetic moment, the calculated moment 
of He* agrees with the experimental value. 
This calculation indicates that the ex- 
change moment hypothesis is to be pre- 
ferred to the large admixture of the P 
state. 
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spin or orbital moments. 


Inelastic scattering of protons from light 


nuclei, H. W. Fulbright, R. R. Bus} 
(Princeton Univ., Princeton, N. J 
Phys. Rev. 74, 1323-1329 (1948). 7 


proton beam within a 35-in f-m cyclotro 
is incident on a seattering foil. Protons 
scattered downward describe helical paths 
of radius dependent on their energy, pass 
through a defining slit, and fall on a ho 
zontal photographic plate at an angle 
about 15°, so that their path lies entire 
within the emulsion. An X-ray line d 
to the passage of the protons through thy 
foil marks the direct line through the slit 
proton groups of different energy appear 
on the plate in different positions. The 
highest energy group corresponds ti 
inelastic seattering; the energies of th« 
other groups can be calculated from the 
positions on the plate and the magneti 
field of the cyclotron. The energy levels 
of the nuclei are calculated from th: 
proton energies and energy-momentun 
relations. This was done for B, C!2, N 
Or, Al?7, Sit’, and Ni. 


Delayed neutrons from U**® after short 
irradiation, Ff. de Hoffmann, B. T. Feld 
P. R. Stein (Los Alamos Scientific Lab 
N. Mex.), Phys. Rev. 74, 1330-1337 (1948 
A slug of active material falling throug! 
a core of active material produced a 
momentary chain reaction, giving a 
neutron burst of 10'4 neutrons in 10 
milliseconds. Two U?%® fission chambers 
filled with an argon and CO: mixture and 
using electron collection for rapid _re- 
sponse, were used to detect the delayed 
neutrons from the slug after it had fallen 
into a catcher box. The decay curve was 
measured from 0.2 sec to 10 min. Five 
periods, ranging from 80 to 0.52 sec, were 
found; indications of a 6-millisecond de- 
layed neutron period were also found. 


The capture probability of negative 
mesons, H. K. Ticho (Univ. of Chicago, 
Ill.), Phys. Rev. 74, 1337-1347 (1948) 
Disintegration curves of positive and 
negative mesons (separated by a mag- 
netic field), giving relative numbers for 
which various times elapse between 
entrance of the meson into the absorber 
and detection of the decay electron, were 
taken for H2O, NaF, Mg, Al, and 8S 
absorbers. Relative counting rates of 
positive and negative disintegration elec- 
trons support the idea that the change in 
the mean life of negative mesons is due 
to competition between processes of 
spontaneous decay and nuclear capture, 
which are of comparable probability. 
The positive mesons show the same mean 
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e (2.11 + 0.10 psec) in all absorbers. 
The capture probability for negative 
esons near absorber nuclei is calculated 
om the mean life of the mesons in the 
mean life of 
ee mesons; the probability is propor- 
onal to Z° where Z is the charge on the 
nucleus and a is 3.7 + 0.85. 


arious absorbers and the 


bsor ber 


Thick-target X-ray production in the 
range from 1250 to 2350 kilovolts, W. W. 
Buechner, R. J. Van de Graaff, E. A. 
Burrill, A. Sperduto (Massachusetts Inst. 
f Technology, Cambridge), Phys. Rev. 
74, 1348-1352 (1948). Thick-target pro- 
duction of X-rays by electrons from an 
electrostatic accelerator was investigated 
vy using an ionization chamber at various 
ingles to targets of Be, Al, Cu, Ag, W, and 
Au. The total radiation intensity in- 
tegrated over all angles was found to be 
inear in nuclear charge in this energy 
range. The efficiency of X-ray produc- 
tion was also calculated and found to be 
in adequate agreement with theory. 


Further calculations on the cascade 
theory, H. J. Bhabha (Tata Inst. of 
Fundamental Research, Bombay, India), 


S. K. Chakrabarty (Colaba Observatory, 
Bombay, India), Phys. Rev. 74, 1352-1363 
1948 \ summary is given of previous 
calculations on caseade theory. The 


solution is used to calculate the number 
of shower particles at various thicknesses 
units) for 
various energies. 


in characteristic primary 
particles of The rela- 
tive importance of the second term of the 


series solution is evaluated. 


A search for delayed photons from stopped 
sea level cosmic-ray mesons, hk. D. Sard, 


E. J. Althaus (Washington Univ., St. 
Louis, Mo.), Phys. Rev. 74, 1364-1371 
(1948). If a meson decays into an elec- 


tron and photon, the photon should have 
an energy of 50 Mev. A circuit was set 
up to find delayed coincidences between 
the mesons (stopped in a brass absorber 
and the photon. The latter is detected 
by being converted in a lead absorber 
into a positron-electron pair, from which 
at least one emerges to be detected. The 
coincidences were measured in adjacent 
time intervals covering the range 1.2 to 
The expected number 
of true delayed photon coincidences under 
this hypothesis (as computed on the basis 
of electron coincidences measured with 
the same geometry) was of the order of 
100. Nine apparent coincidences were 
found, with five spurious ones expected 
from the inefficiency of the anticoincidence 
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argument 
into photon and electron, 


circuit. This 
against decay 


presents an 


or decay into a neutral meson with sub- 
sequent decay into two photons with 
lifetime less than 107!" se« 

Relation between apparent shapes of 


monoenergetic conversion lines and of 


continuous -spectra in a magnetic 
spectrometer, G. E. Owen, H. Primakoff 
(Washington Univ., St. Louis, Mo.), 
Phys. Rev. 74, 1406-1412 (1948). In- 


and 
monoenergetic, 


ternal conversion lines of Cs! 
Th(B + C), theoretically 
are found to have finite width and, with 
180° spectrometers, 
Assuming that the distortion is due to the 
spectrometer and source, the approximate 
a continuous beta spectrum 


asvinmetrical shape 


true shape of 
may be obtained from experimental data 
by application of a derived 
from the form of the conversion line. The 
Kurie plots for continuous 
beta-ray spectra are more linear than the 
positron- 


correction 
corrected 
uncorrected ones, and the 
electron ratio for Cu®* is found to agree 
better with Fermi theory after application 
of the correction. 

The Geiger discharge, D. H. Wilkinson 
(Cavendish Lab., Cambridge, England), 
Phys. Rev. 74, 1417-1429 (1948). A 
theory of the development of the positive 
ion sheath in Geiger counter operation is 
given and used to calculate the relation 
between starting potential and counter 
variables, the amount of charge generated 
in the discharge, the shape of the plateau 
curve, and the velocity of propagation of 
the discharge down the wire. The 
resulting conclusions are confirmed by 
experiment. 


Excited level in Li’ from the Li®(d,p) Li’ 
and Be%(d,a)Li’ reactions, W. W. Buech- 
ner, E. N. Strait, C. G. Stergiopou- 
los, A. Sperduto (Massachusetts Inst. 
of Technology, Cambridge), Phys. Rev. 
74, 1569-1574 (1948). The _ reactions 
were studied by directing deuterons from 
an electrostatic accelerator onto the 
respective targets and analyzing the 
resulting charged particles in an annular 
magnet. In each case two groups were 
found to emerge and, from the difference 
in their energy, the energy of the excited 
state in Li’ was calculated. Using the 
alpha particles from polonium to calibrate 
the magnet, the detector being a photo- 
graphic plate in which the particle tracks 
could be counted, the level was found at 
482 + 3 and 483 + 6 kev in the two 
experiments. 


93 








we 


Use of enriched molybdenum in cross- 
section measurements of the (p,n): (p,y) 
and (d,n): (d,2n) reactions, D. N. Kundu, 
M.L. Pool (Ohio State Univ., Columbus), 
Phys. Rev. 74, 1574-1576 (1948). By 
bombarding ordinary and enriched iso- 
topic mixtures with a monitored proton or 
deuteron beam and measuring the various 
radioactivities produced by means of a 
ionization chamber and_ electrometer, 
simultaneous equations were set up which 
allowed a measurement of the relative 
cross sections of various reactions in 
different isotopes. The cross section 
ratios found were for Mo (p,y): Mo” 
(p,y): Mo*%(p,n): Mo*%*(p,n), and for (d,n) 
and (d 2x) reactions on the same isotopes. 


A neutron-capture theory of the formation 
and relative abundance of the elements, 
R. A. Alpher (Johns Hopkins Univ., 
Silver Spring, Md.), Phys. Rev. 74, 1577 
1589 (1948). <A theory is developed for 
the formation of the elements by neutron 
capture and beta decay from a primordial 
neutron gas. It is reasoned: (1) that 
the relative abundance of elements de- 
pends largely on the capture cross sections 
for various nuclides; (2) that large 
amounts of radiation must originally have 
been present, and (3) that the element- 
building process began several hundred 
seconds after the beginning of expansion 
of the gas, when the temperature was 
about 10°’ K and the density about 10° 
g/em*. The observed relative abun- 
dances are successfully predicted by caleu- 
lations on this basis. 


The occurrence of He® in natural sources 
of helium, L. T. Aldrich, A. O. C. Nier 
(Univ. of Minnesota, Minneapolis), Phys. 
Rev. 74, 1590-1594 (1948). The abun- 
dance ratio of He’ to He‘ was investigated 
in a mass spectrometer for helium from the 
atmosphere, gas wells, and minerals. 
Explanations for the wide variations 
which are found are based on possible 
nuclear reactions in which He* may have 
been formed. There may have been 
several sources for He* production. 


The angular distribution of 1 to 3.5 Mev 
deuterons scattered by deuterons, J. M. 
Blair, G. Freier, E. Lampi, W. Sleator, 
Jr., J. H. Williams (Univ. of Minnesota, 
Minneapolis), Phys. Rev. 74, 1594-1598 
(1948). A_ collimated deuteron beam 
from an electrostatic accelerator was 
passed through a chamber containing 
deuterium gas at 1 em Hg, a monitor 
being placed at the other side. A fraction 
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of the scattered deuterons from a well. 
defined volume of the chamber passed 
through a slit system and were counted 
by a proportional counter. Observed 
yields were corrected for particles pro- 
duced in nuclear reactions and deuterons 
scattered by contaminants. The elasti 
scattering cross sections are given for 
1 to 3.5 Mev, at angles from 10° to 45 
(laboratory system), to an accuracy of 
2.5%. 

The angular distribution of the products 
of the D-D reaction: 1 to 3.5 Mev, J. M 
Blair, G. Freier, E. Lampi, W. Sleator 
Jr., J. H. Williams (Univ. of Minnesota 
Minneapolis), Phys. Rev. 74, 1599-1603 
(1948). By the same process as that used 
in the determination of the elastic D-D 
cross section, with proper biasing and 
discrimination, the cross sections per unit 
solid angle for the D(d,n) and D(d,; 
reaction were measured. The angular 
dependence of the cross section for bot! 
reactions is nearly the same, having 
constant term plus terms in the square 
and fourth power of the angle of observa- 
tion in the mass coordinate system. The 
coefficients of these terms are given 
Total cross sections for both reactions in 
this energy region are approximately) 
constant at 10725 em? 


On the proposal for determining the thick- 
ness of a transition layer between ferro- 
magnetic domains by a neutron polariza- 
tion experiment, KR. Rk. Newton, C. Kittel 
(Bell Telephone Lab., Murray Hill, N. J.), 
Phys. Rev. 74, 1604-1605 (1948). A 
measurement, as a function of neutron 
velocity, of the polarization changes in a 
neutron beam in passing through the 
Bloch wall between ferromagnetic domains 
suffices to determine wall thickness 
From this, wall energy can be computed 
A calculation shows that the experiment 
can probably be done if grazing angles of 
incidence are used. 


The disintegration scheme of I", F. 
Metzger, M. Deutsch (Massachusetts 
Inst. of Technology, Cambridge), Phys. 
Rev. 74, 1640-1644 (1948). The beta 
spectrum of this isotope, as measured with 
a lens spectrometer, shows a number of 
conversion lines indicating four gamma 
rays and a beta spectrum of two groups. 
Experiments with various radiators to 
produce photoelectrons were performed, 
and beta-gamma and_ beta-conversion 
electron coincidences were measured 
(using a naphthalene counter for gammas). 
The results show gamma rays at 80, 283, 
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363, and 638 kev; their intensities and 


conversion coefficients are given. A dis- 
integration scheme is proposed. 
Angular dependence of coincidences 


between fission neutrons, 8S. DeBenedetti, 
J. E. Francis, W. M. Preston, T. W. 
Bonner (Oak Ridge Natl. Lab., Oak 
Ridge, Tenn.), Phys. Rev. 74, 1645-1650 
1948) Fast neutron counters working 
on the principle of proton recoil were used 
to measure coincidences at angles from 
30° to 180° among neutrons produced by 
neutron-induced fission of U? Correc- 
a single neutron’'s 
registering as a being 
scattered from one counter into another. 
The number of coincidences was about 
constant from 30° to 90°, then increased by 
1 factor 2 from 90° to 180°. The results 
may be explained by assuming that the 
fission neutrons most probably come from 


ions were made for 
coincidence by 


opposite fragments, since they are most 
likely to go in the direction of the frag- 
ments from which they are emitted. 


Converted gamma-radiation from silver, 
cadmium, indium, praseodymium, and 
rhenium, J. M. Cork, R. G. Shreffler, 
C. M. Fowler (Univ. of Michigan, Ann 
Arbor), Phys. Rev. 74, 1657-1659 (1948). 
Using beta spectrometers and absorption 
methods, studies were made of the half- 
lives and energies of beta and gamma rays 
emitted by radioisotopes produced by 
neutron capture (using pile bombardment) 
in these elements 


The “thick-film chamber’’ method for the 
measurement of fast neutron flux, K. W. 
Allen, D. H. Wilkinson (Cavendish 
Laboratory, Cambridge, Eng.), Proc. 
Cambridge Phil. Soe. 44, 581-587 (1948). 
The absolute value of a fast neutron flux 
is measured using proton recoils from a 
polythene layer whose thickness exceeds 
the range of the most energetic recoils. 
The protons are detected in an ionization 
chamber, the neutron flux being derived 
from their number and energy distribu- 
tion. The method has a relatively high 
sensitivity, which is almost linear with 
neutron energy because of the increasing 
range of proton recoils. Only the area, 
stopping power, and hydrogen content of 
the layer material need be known. The 
angular distribution of the neutron flux 
from the D-D reaction was measured for a 
deuteron bombarding energy of 930 kev. 


On Schwinger’s theory of nuclear forces, 


W. H. Ramsey (Univ. of Manchester, 
Eng.), Proc. Phys. Soc. 346, 297-299 
(1948). The possibility of putting to use 


Schwinger’s generalization of the Moller- 


NUCLEONICS - February, 1949 

















Rosenfeld theory to give a consistent 
description of nuclear forces is examined. 
Results on proton-proton scattering below 
and above 2 Mev apparently demand 
meson masses of 325 and 270 electron 
masses, respectively Furthermore, only 
about one third of the quadrupole moment 
of the deuteron is accounted for. 


The delayed coincidence method in the 
study of radioactivity, with application to 
isomerism in Ta’, D. E. Bunyan, A. 
Lundby, A. H. Ward, D. Walker (Univ. 
of Birmingham, Eng.) Proc. Phys. Soc. 
346, 300-306 (1948). If the random 
coincidence rate is not too large, delayed 
coincidence techniques may be used to 
measure the mean time interval between 
two events which are 107? to 10-7 sec 
apart. As an example, the metastable 
state in Ta!'*! resulting from beta decay 
of Hf!*!, was examined and found to decay 
in two gammas of 0.2 and 0.5 Mev, with 
half-life of (20.1 + 0.7) X 10°* | see. 
Probable relative parity and spin values 
for the ground and excited states are 
discussed. 


The penetrating particles in cosmic-ray 
showers: I. Heavily ionizing particles, 
G. D. Rochester, C. C. Butler (Univ. of 
Manchester, Eng.), Proc. Phys. Soc. 346, 
307-312 (1948). Analysis of cloud cham- 
ber photographs of showers of various 
types indicates that while most of the 
heavily ionizing particles are protons 
some are slow mesons (momentum 
107-108 ev/c). The apparent mass of 
these mesons (about 200 electron masses) 
created in showers shows that u-mesons 
may be directly created. 


Analysis of spurious counts in Geiger 
counters, J. L. Putman (Atomic Energy 
Research Estab., Harwell, Eng.), Proc. 
Phys. Soc. 346, 312-319 (1948). An 
apparatus is described which measures 
the rate of arrival of pulse intervals 
between ¢ and (¢ + dt), where ¢ is a 
variable time and dt is a constant time 
that is small compared with ¢. Using a 
long-lived emitter, the distribution of 
pulse intervals for an _  argon-alcohol 
counter was compared with that expected 
from random laws, and the number and 
time distribution of spurious pulses were 
found as a function of voltage. The 
spurious counts all occurred within the 
recovery time, and were eliminated by a 
quenching circuit which lowered the 
counter voltage by about 300 volts for 
400 microseconds. 
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ALFAX 
ELECTROSENSITIVE 
PAPER 


Now available to laboratories, instrument 


manufacturers, and experimenters. 


ALFAX ELECTROSENSITIVE PA- 
PER—marks directly by electric impulse. 
Density varies directly with intensity of 
signal recordings can be made self- 
calibrating by introducing standard signals 
of different intensities. 

ALFAX ELECTROSENSITIVE PA- 
PER— in helix type recorder will record 
signal the instant it occurs—without over- 
shooting,—no need for compensation or 


damping. IT IS INERTIA FREE. 


so 


ALFAX ELECTROSENSITIVE PA-| 


PER is extremely sensitive, so that the 
paper can be fed slowly, yet extremely 
rapid variations will be recorded in the 
helix stroke at writing speeds 300” or 
more per second. 

ALFAX ELECTROSENSITIVE PA- 
PER ideal for recording a group of 
related signals without the problems of 
multiple pens and their maintenance. 
Recordings differentiate the transient or 
stray signals from the true signals. Sudden 
signals of unusual ampli- 
tude cannot damage the 
recorder nor result in 
false readings as in D’- 
Arsonval movements and 
pen type movements. 

ALFAX ENGINEER- 
ING includes making 
special papers or develop- 
ing electronic circuits 
and electrode materials 
to emphasize any portion 
of wave form or signal. 
Recordings are easily 
interpreted even where 
noise to signal ratio is 
greater than one. 

ALFAX PAPER & ENGINEERING CO. 


41 Riverside Ave. 
Brockton, Mass. 
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Recording Four 
Simultaneous 
Signals 


? 


C 


\ 


Signals Ca 
Overlap with 
No Difficulty 


Alfax Paper & Engineering Co 

41 Riverside Avenue 

Brockton, Mass. 

Enclosed is one dollar for a roll of Alfax Electrosensitive 
paper for experimental purposes to be mailed postpaid 
with booklet, ‘*‘Questions and Answers on Electro 


Sensitive Paper.” 


Name Position 


Address 
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Air proportional counters, J. A. Simpson 
(Argonne Natl. Lab., Chicago, Ill.), Re 
Sci. Instr. 19, 733-743 (1948). Designs 
for proportional counters using air (with 
normal variations in pressure, tempera- 
ture, and humidity) are given for use in 
such connections as detection of alpha- 
radioactive contamination. Under these 
conditions no windows or very thin ones 
may used. The difficulties of very 
high operating potentials, low counting 
geometry, and erratic behavior have to 
extent been overcome. Depend- 
ence of threshold potential on pressure 
and of counting rate on temperature is 
given. 


be 


some 


The photo-multiplier radiation detector, 
F.-H. Marshall, J. W. Coltman, A. I 
Bennett (Westinghouse Research Lab., 
| East Pittsburgh, Pa.), Rev. Sci. Instr. 19, 
|744-770 (1948). A detector has been 
designed consisting of a fluorescent screen 
that gives off scintillations produced by 
radiation; these are reflected in a mirror 
and enter a _ photo-multiplier. Alpha 
particles and other heavy ions give very 
large signal pulses; beta particles of high 
velocity, gamma, and X-rays give a much 
lower signal-to-noise ratio (the noise 
pulses being produced by thermal electron 
emission at the photo-cathode). 


The design and construction of a double- 
focusing beta-ray spectrometer, I’. N. D. 
Kurie, J. 8S. Osoba, L. Slack (Washington 
Univ., St. Louis, Mo.), Rev. Sct. Instr 
19, 771-776 (1948). A double-focusing 
beta spectrometer giving high resolution 
and large solid angle is described. Its 
radius of curvature is 24.33 cm, the 
resolution 13%, and transmission 0.2%. 
Conversion lines of Cs'57 and ThB were 
used investigate the spectrometer, 
which was of simple construction. The 
magnet used allows the measurement of 
| energies up to 5 Mev. 


to 


| High energy neutron detector, C. Wiegand 
(Univ. of California, Berkeley), Rev. Sci. 
Instr. 19, 790-792 (1948). The detector 
| utilizes the collection of the ionization 
produced by the fission fragments of 
bismuth (the fission threshold of which is 
about 50 Mev). Plates coated with 
| bismuth are connected to a collecting 
| voltage and the neutron beam impinges 
!on them. The efficiency is about 10~°; 
this is suitable for monitoring a high- 
energy neutron beam and for beam 


attenuation measurements. 


HAROLD BROWN 


February, 1949 - NUCLEONICS 











— 


